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Chapter 1 
Introduction 
There are different types of gas-liquid contactors, e.g., bubble columns, airlift reactors, 
hollow fiber membrane and agitated vessels. Mechanically agitated reactors are the 
standard and most used reactors in the chemical and biochemical industry for 
physical/chemical absorption, gas-liquid and gas-liquid-solid processes. They are applied 
for fermentation, chlorination, oxidation, hydrogenation, polymerization, chemical 
synthesis and wastewater treatment.  
Stirred tank reactors are preferred over bubble columns as they show better performance 
and provide higher gas-liquid mass transfer coefficients, better circulation and control 
flexibility. One of the most important research subjects in stirred tanks is gas dispersion 
which has a strong influence on gas-liquid mass transfer. In order to recycle gas from the 
head space to the liquid phase without the need of a sparger, surface aerators and self-
induced gas-liquid reactors are used. The benefit of using this rector is where the gas is 
available at a relatively low pressure. 
Gas-liquid-liquid systems are encountered in several important fields of biochemical 
processes, wastewater treatment and chemical applications. It is known that the 
volumetric mass transfer coefficient kLa is one of the key parameters determining the 
performance of these systems in multiphase reactors. kLa depends on several factors such 
as tank geometry, impeller type, physical properties of the liquids and its rheology and 
the presence of surface active agents. It has been frequently reported that the addition of 
an immiscible organic liquid to a gas-liquid system may significantly enhance the mass 
transfer rate through shuttle or bubble covering mechanism. Some limited work has also 
been undertaken to observe the effect of the presence of a second liquid phase on carbon 
dioxide transfer such as n-hexadecane (Ngo and Schumpe, 2012a), n-dodecane (Cents et 
al.,  2001; Ngo and Schumpe 2012a) and n-heptane (Cents et al., 2001; Zhang et al., 
2010; Ngo and Schumpe, 2012a). However, no general trend can be derived from the 
reported results. Additional research in this area is desired. Despite the vast amount of 
publications on oil-in-water emulsions, studies on water-in-oil emulsions formed at high 
oil volume fractions are rare (Linek and Beneš, 1976; Ngo and Schumpe, 2012a,b). 
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Systems with contaminants are important in bioreactors with emulsion stabilizer and in 
biological treatment of wastewaters of the petroleum industries (Asgharpour et al., 2010). 
The presence of surfactants at the gas liquid interface may increase the gas absorption 
rate by reducing the coalescence rate of bubbles. It is possible that a reduction of kL may 
be counteracted by increased interfacial area and therefore the values of kLa may increase. 
Very limited investigations related to the influence of surfactants on mass transfer have 
been carried out.  
The main purpose of this study is to investigate and determine the volumetric mass 
transfer coefficient (kLa) of carbon dioxide in oil-in-water and water-in-oil emulsions by 
pressure technique in a surface-aerated stirred vessel under isothermal (25˚C) condition. 
The effect of an anionic surfactant on kLa is also investigated. Some preliminary 
experiments were performed to determine the specific interfacial area in O/W emulsions 
of n-hexadecane by cobalt-catalyzed sulfite oxidation. 
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Chapter 2 
Theory and Literature Review 
2.1    Physical Absorption 
Mass transfer in multiphase systems occurs whenever two phases of different activity are 
brought into contact. For instance, if a liquid solution is brought into contact with carbon 
dioxide, the gas will be dissolved in the liquid until a state of equilibrium composition is 
reached. Without chemical reactions, physical solubility plays the essential role in the 
absorption rate: 
𝑁𝐶𝑂2 = 𝑘L(𝑐𝐶𝑂2,𝑖 − 𝑐𝐶𝑂2,𝐿) = 𝑘L (
𝑝𝐶𝑂2,𝑖
𝐻𝐶𝑂2
− 𝑐𝐶𝑂2,𝐿) (1) 
where 
            𝑁𝐶𝑂2= mass transfer flux at a gas-liquid interphase, mol m
-2 s-1 
            𝑘L= liquid-side mass transfer coefficient, m s
-1 
            𝑐𝐶𝑂2,𝑖 = CO2 concentration at the gas-liquid interface, mol m
-3  
            𝑐𝐶𝑂2,𝐿 = bulk concentration of CO2, mol m
-3      
            𝐻𝐶𝑂2= Henry's constant of carbon dioxide, Pa m
3 mol-1. 
When a substance is transferred from a phase of high activity to one of low activity across 
a separating interface, the resistance in each phase can be divided to the diffusional 
resistance in the film and resistance in the bulk (Treybal, 1981). It is commonly assumed 
that the major resistance to mass transfer occurs in a thin film on both sides of the interface 
and the bulk resistance is negligible. Three important mass transfer models (surface 
renewal, and penetration theory) will be briefly reviewed in the sequel in this section.  
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2.1.1    Two-film theory 
The film theory is the oldest mass transfer model and was developed by Lewis and 
Whitman in 1924. They assumed that stationary films of low thickness exist on either side 
of the gas-liquid interface. The linear concentration gradient represents the driving force 
that is causing molecular diffusion to take place in the films while there is no 
concentration gradient in the gas- and liquid-bulk (Fig. 1).  
 
  
 
 
 
                                                   𝛿𝐺              𝛿𝐿                                                        
Fig. 1 Schematic of two film theory. 
Fick's law can be applied to calculate the mass flux of the gas (A) in the liquid-side film: 
𝑁𝐴 = −𝐷𝐴𝐵
𝑑𝑐𝐴
𝑑𝑧
= −
𝐷𝐴𝐵
𝛿𝐿
(𝑐𝐴,𝑖 − 𝑐𝐴,𝐿) (2) 
where  
             𝐷𝐴𝐵 = diffusion coefficient, m
2 s-1 
 𝛿𝐿 = liquid film thickness, m.  
The liquid-side mass transfer coefficient for the stationary film theory kL, is expressed by 
𝑘L =
𝐷𝐴𝐵
𝛿𝐿
 (3) 
Gas bulk 
𝑝𝐴,𝐺  
𝑝𝐴,𝑖 
𝑐𝐴,𝑖 
Interface 
Liquid bulk 
𝑐𝐴,𝐿 
z 
𝑝𝐺
∗  
𝑐𝐿
∗ 
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2.1.2    Penetration theory 
The penetration theory proposed by Higbie (1935) improved the two-film theory since 
the most industrial processes are time-dependent. The basic presumptions of the theory 
are: (1) The contact time between gas and each liquid element is short so that the mass 
exchange takes place by unsteady-state diffusion. (2) The exposure time is the same for 
all fluid elements. (3) After contact, the liquid elements return back to the bulk and are 
replaced by the fresh ones. An illustration of this model is given in Figure 2.  
                                                                  
 
 
 
Fig. 2 Schematic of Higbie's theory. 
For this instationary process, 𝑘L turns into 
𝑘L = 2√𝐷𝐴𝐵 𝜋𝜃⁄  (4) 
 where 
             𝜃 = Contact time, s. 
2.1.3    Surface renewal theory 
Danckwerts (1955) modified the penetration theory by assuming that the exposure times 
of fluid elements at the interface are non-uniform, specifically, he assumed an exponential 
age-distribution.  

Liquid bulk 
Gas bulk 
t = t0 t = t1 
𝑐(𝑡0) 𝑐(𝑡1) 
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The liquid-side mass transfer coefficient depends on the surface renewal frequency s and 
the molecular diffusion coefficient 𝐷𝐴𝐵: 
𝑘L = √𝐷𝐴𝐵𝑠 (5) 
2.1.4    Mass transfer between two phases 
The molar flux in a two-phase system not at physical equilibrium describes the number 
of moles that pass a certain area in a certain time (Bird et al., 2002): 
Molar flux = mass transfer coefficient × driving force  
The flux of constituent A, in terms of the mass transfer coefficients for each phase, can 
be written as: 
𝑁𝐴 = 𝑘G(𝑝𝐴,𝐺 − 𝑝𝐴,𝑖) = 𝑘L(𝑐𝐴,𝑖 − 𝑐𝐴,𝐿) (6) 
where  
             𝑁𝐴 = molar flux of component A, mol m
-2 s-1  
 𝑘G = gas-side mass transfer coefficient, mol m
-2 s-1 Pa-1 
 (𝑝𝐴,𝐺 − 𝑝𝐴,𝑖) = driving force in the gas film, Pa 
 𝑘L = liquid-side mass transfer coefficient, m s
-1 
 (𝑐𝐴,𝑖 − 𝑐𝐴,𝐿) = concentration driving force in liquid film, mol m
-3.  
The volumetric mass transfer rate can be developed by multiplying equation (6) by the 
specific interfacial area a: 
 7 
 
𝑅𝐴 =  𝑁𝐴 ∙ 𝑎 = 𝑘L ∙ 𝑎 ∙ (𝑐𝐴,𝑖 − 𝑐𝐴,𝐿) (7) 
where 
             𝑎 =
𝐴
𝑉𝐿
=
𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑
, m-1. 
It can usually be assumed that the principal resistance to mass transfer lies in the liquid 
phase and the interfacial concentration 𝑐𝐴,𝑖 is in equilibrium to 𝑝𝐴,𝑖, i.e., 𝑐𝐴,𝑖 = 𝑝𝐴,𝑖 𝐻⁄ ≈
𝑝𝐴,𝐺 𝐻⁄ = 𝑐𝐿
∗ where H is Henry's constant (Fig. 1). 
For the design and scale-up of multiphase bioreactors, evaluation of the overall 
volumetric mass transfer coefficient kLa is essential. In order to overcome the difficulties 
of measuring the specific interfacial area and the liquid side mass transfer coefficient, 
separately, the determination of kLa as one parameter is preferred.  
2.1.5    Overall volumetric mass transfer coefficient 
The gas absorption rate is usually characterized by the overall volumetric mass transfer 
coefficient which can be measured by both physical and chemical methods. 
Table 1 summarizes some investigations dealing with measured kLa for gas-liquid-liquid 
systems in the three different type of stirred tanks: gas sparged reactors (GSR), surface-
aerated reactors (SAR) and gas induced reactors (GIR). 
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Table 1 
Literature studies on kLa in stirred tanks with emulsions. 
Reference Gas Liquid-Liquid-system Reactor 
Operating 
condition 
Yoshida et al.  
(1970) 
O2 
Water+kerosene, 
paraffin/toluene/oleic acid 
GSR 
303 K,  
200-650 rpm 
Hassan and Robinson 
(1977) 
O2 
Na2SO4+n-dodecane/n-
hexadecane 
GSR 
303 K,  
800-1800 rpm 
Ledakowicz et al.  
(1984) 
H2, CO,  
N2, CO2 
Vestowax SH105 SAR 
453-553 K,  
1-60 bar  
Karandikar et al. 
(1987) 
H2, CO,  
CH4, 
CO2 
Heavy fraction of Fischer-
Tropsch liquid  
GIR 
423-498 K,  
10-40 bar,  
700-1200 rpm 
Albal et al. 
(1988) 
He, O2 
Glycerin/water+glass 
beads/oil shale 
particles/CMC 
SAR 
295 K,  
13.8-96.5 bar, 
400-1000 rpm 
Miller et al. 
(1990) 
H2, CO n-Octacosane  SAR 
528 K,  
10-30 bar,  
250-1750 rpm 
Rols and Goma 
(1991) 
O2 Soybean oil GSR 
308 K,  
7-35 bar,  
500 rpm 
Hichri et al.  
(1992) 
H2 
2-propanol/o-
cresol/mixture (1 3⁄  o-
cresol + 2 3⁄  2-
propanol)/pyrex beads  
GIR 
303-393 K,  
0-30 bar,  
800-1500 rpm  
 9 
 
Nocentini et al. 
(1992) 
Air Water+glycerol GSR 
Ambient 
condition,  
500 rpm 
Hsu et al. 
(1997) 
O3 Water GIR 
298 K,  
500-1600 rpm 
Inga and Morsi 
(1997) 
H2, CO, 
N2,  
CH4, 
C2H4 
Hexane mixture/iron 
oxide catalyst 
SAR 
298-373 K,  
2-25 bar, 
 400-1200 rpm 
Lekhal et al.  
(1997) 
H2, CO 1-octane/ethanol/water GIR 
323 K,  
10-150 bar, 
1100-2500 rpm 
Tekie et al. 
(1997) 
N2, O2 Cyclohexane 
GIR 
SAR 
330-430K,  
7-35 bar,  
400-1200 rpm 
Kierzkowska-Pawlak 
and Zarzycki  
(2000) 
CO2 Water + toluene SAR 
293 K,  
400-600 rpm 
Maalej et al.  
(2001) 
N2 Water GSR 
328-428 K,  
1-50 bar,  
800-1200 rpm 
Hsu et al. 
 (2002) 
O3 Water GIR 
293-313K,  
1-1.2 bar, 
 900-1300 rpm 
Kluytmans et al. 
(2003) 
O2 
Water, electrolyte(sodium 
gluconate)+carbon 
particles  
SAR 
GIR 
298K,  
500-1500 rpm 
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Nielsen et al. 
(2003) 
O2 
Alcaligenes 
xylosoxidans+n-
hexadecane 
GSR 
303 K,  
200-800 rpm 
Sardeing et al. 
(2004a) 
O2 Tap water GSR 
Ambient 
condition,  
300-500 rpm 
Kapic and Heindel 
(2006) 
O2 Water GSR 
298 K, 
200-800 rpm 
Martín et al. 
(2008a) 
O2 Deionized water GSR 
293 K, 
180-430 rpm 
Zhang et al.  
(2010) 
CO2 
Water+n-
heptane/dimethylbenzene/
isoamyl alcohol 
GSR 
293 K, 
 0.2 bar, 
 250-650 rpm 
Ngo and Schumpe  
(2012a, b) 
CO2, O2 
Water+n-heptane/n-
dodecane/n-hexadecane  
SAR 
298 K,  
1000 rpm 
Sauid et al.  
(2013) 
O2 
Xanthan gum 
solution+palm oil 
GSR 
303 K,  
400-800 rpm 
Zokaei-Kadijani et al.  
(2013) 
O2 
Acidthiobacillus 
ferrooxidans 
GSR 
298 K, 
 400-600 rpm 
de Lamotte et al. 
(2017) 
O2 Tap water SAR 
293 K, 
300 rpm 
From the above table, it is clear that the volumetric mass transfer coefficient for gas 
absorption depends on stirred reactor configuration, stirrer speed, temperature, type of 
gas and solution or emulsion characteristics (viscosity, density and interfacial tension). 
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2.2    Chemical Absorption 
2.2.1    Introduction 
The knowledge of the liquid-side mass transfer coefficient kL, the specific interfacial area 
a, and the gas holdup ɛ, are of considerable importance for design and scale-up of gas-
liquid contactors (Stegeman et al. 1995). Kawase and Moo-Young. (1992) and Vázquez 
et al. (2000) observed that the variation in absorption rate is mainly due to variation in 
specific interfacial area, as the liquid-side mass transfer coefficient is not as changeable. 
Therefore, to understand the mass transfer mechanism, it is important to evaluate the 
specific interfacial area.  
The kind of contact devices, the physical and chemical properties of gas-liquid systems 
and the operating conditions may affect the value of interfacial area. The experimental 
methods for specific interfacial area determination can be classified as physical methods 
and chemical methods.  
Physical methods are based on the separate measurements of gas holdup and bubble 
diameter, e.g., optical detectors (Schweitzer et al., 2001), conductivity sensors (Biń et al., 
2001), gas disengagement (Lee et al., 1999) or video imaging (Akita and Yoshida, 1974; 
Luewisutthichat et al., 1997). Light transmission technique was the first attempt to 
measure a in gas-liquid systems (Vermeulen et al., 1955) and then this method was 
extended for organic liquids and water by Calderbank (1958). According to Cents et al. 
(2001) these techniques can be inaccurate because of difficulty to use laser and 
photographic methods in the cloudy liquids and also due to complex calibration.  
The chemical methods are based on measuring the gas or liquid phase conversion for a 
chemical reaction of known kinetics. Unfortunately, the chemical methods can only be 
used for certain gas-liquid systems with specific physico-chemical properties (Oyevaar 
and Westerterp, 1989; Vázquez et al., 2000). O2/sodium sulfite, O2/sodium dithionite and 
CO2/aqueous NaOH are typical examples of chemical reaction systems. 
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2.2.2    An overview of the chemical absorption method 
Chemical reaction between the dissolved gas and a reactant in the liquid phase may 
increase the gas absorption rate. In the liquid, an irreversible reaction takes place between 
a gas component A and reactant B:  
𝐴 + 𝑧𝐵 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (8) 
It is assumed that this reaction is fast enough to occur entirely in the film so that the bulk 
concentration of component A is zero. Still, the concentration of B at the interface shall 
be practically the same as in the bulk liquid. The gas side resistance is negligible so that 
all resistance to mass transfer is confined to the liquid phase (Oyevaar and Westerterp, 
1989). 
The above reaction is mth order with respect to A and nth order with respect to B so that 
the local rate of reaction as follows: 
𝑟𝐴 = 𝑘𝑚,𝑛𝑐𝐴
𝑚𝑐𝐵
𝑛 (9) 
 
 
 
 
 
Fig. 3 Schematic of fast reaction. 
𝑝𝐴
∗  
𝑐𝐴
∗ 
𝑐𝐵 
𝛿G 𝛿L 
Gas bulk Liquid bulk 
z 
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Generally, the absorption rate of reactant A under these conditions is given by 
𝑅𝐴 = 𝑎𝑐𝐴
∗√
2
𝑚 + 1
𝐷𝐴𝑘𝑚,𝑛𝑐𝐴
∗𝑚−1𝑐𝐵,0𝑛 (10) 
where   
             𝑅𝐴 = absorption rate, mol m
-3 s-1  
             𝑎 = specific interfacial area, m-1 
             𝑐𝐴
∗ = 𝑐𝐴 in equilibrium with gas phase, mol m
-3  
             𝐷𝐴 = diffusivity of A in liquid phase, m
2 s-1 
             𝑘𝑚𝑛 = rate constant of m+n order reaction, (mol m
-3)1-(m+n) s-1 
             𝑐𝐵,0 = bulk concentration of B, mol m
-3. 
The rate equation can be simplified by introducing an absorption parameter 𝐾𝑚 (Schumpe 
and Deckwer, 1980): 
𝑅𝐴 = 𝑎𝐾𝑚𝑃𝐴
(𝑚+1) 2⁄
 (11) 
where 
𝐾𝑚 = √
2
𝑚 + 1
𝐷𝐴𝑘𝑚
(𝐻)𝑚+1
 (12) 
𝑘𝑚 = 𝑘𝑚,𝑛𝑐𝐵,0
𝑛 (13) 
The 𝑘𝑚 value is a function of catalyst ion concentration, pH and temperature.         
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The equations above are valid only at sufficiently high Hatta (Ha) number which means 
the reaction is fast and occurs in the film volume only: 
𝐻𝑎 = 
√ 2
𝑚 + 1𝐷𝐴𝑘𝑚𝑐𝐴
∗𝑚−1
𝑘L
> 3 
(14) 
Additionally, depletion of the liquid phase reactant towards the G/L interface has to be 
negligible. This is granted if the following condition holds: 
𝐻𝑎 ≪ 1 + 
𝐷𝐵𝑐𝐵,0
𝑧𝐷𝐴𝑐𝐴
∗  (15) 
2.2.3    Sodium sulfite oxidation 
The sodium sulfite oxidation is one of the standard and reliable methods for determining 
mass transfer characteristics in different gas-liquid contactors such as stirred vessels 
(Camacho et al., 1991), bubble columns and packed bed reactors (Danckwerts and Rizvi, 
1971; Onda et al., 1972).  
This method, first presented by Cooper et al. (1944), is based on the reduction of sodium 
sulfite (B) to sulfate by dissolved oxygen (A):  
𝑂2 + 2𝑁𝑎2𝑆𝑂3 → 2𝑁𝑎2𝑆𝑂4 (16) 
The rate of reaction is given as  
(−𝑟𝑂2) = 𝑘𝑚,𝑛[𝑂2]
𝑚[𝑆𝑂3
2−]𝑛 (17) 
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The rate of this slow reaction can be increased by the addition of metallic ions like Co2+, 
Fe2+ and Cu2+ which form complexes with the sulfite or sulfate ions present in the solution 
(Linek and Vacek, 1981).  Cobalt sulfate (𝐶𝑜𝑆𝑂4) has been mostly used in recent studies 
as the catalyst, because its action is more reproducible, effective and reliable than copper 
sulfate (𝐶𝑢𝑆𝑂4) (de Waal and Okeson, 1966).  
The sulfite ions oxidation sequence was originally developed by Bäckström (1934). For 
the reaction with cobaltous ions, a free radical chain mechanism is assumed according to 
𝑆𝑂3
2− + 𝐶𝑜3+
𝑘1
→ 𝐶𝑜2+ +∙ 𝑆𝑂3
− (18)  
∙ 𝑆𝑂3
− + 𝑂2
𝑘2
→∙ 𝑆𝑂5
− (19) 
∙ 𝑆𝑂5
− + 𝑆𝑂3
2−
𝑘3
→ 𝑆𝑂5
2− +∙ 𝑆𝑂3
− (20) 
𝑆𝑂5
2− + 𝑆𝑂3
2−
𝑘4
→ 2𝑆𝑂4
2− (21) 
The role of the catalytic cations is to separate an electron from sulfite ions, produce active 
centers and stabilize these radicals (Chen and Barron, 1972).  
Although the kinetics of the uncatalyzed (Yagi and Inoue, 1962; Srivastava et al., 1968; 
Hui and Palmer, 1990) and catalyzed (Sivaji and Murty, 1982; Zhao et al., 2005; Karatza 
et al., 2010) sodium sulfite oxidation has been studied widely during last decades, it is 
still not well understood. There is a disagreement on the order of reaction with respect to 
oxygen which changes with sulfite concentration and also with oxygen partial pressure. 
Sivaji and Murty (1982) found the catalyzed reaction is second order in oxygen when 
sulfite concentration is 0.39 M and first order when it is 0.15 M. According to Alper and 
Abu-sharkh (1988), the reaction is second order with respect to oxygen and is independent 
of sulfite concentration for the temperature range of 298-313 K and at atmospheric 
pressure. All in all, the catalyzed reaction is zero-order in sulfite when sulfite 
concentration is greater than 0.5 M, zero-order in oxygen when the sulfite concentration 
is 0.06 M, first-order when it is 0.25 M, and second-order when it is 0.25-1 M (Astarita 
et al., 1964; Vázquez et al., 2000). Nevertheless, advantages such as harmless and cheap 
chemicals have led to the frequent use of sulfite oxidation technique for determining 
specific interfacial area by chemical absorption. 
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2.3    Liquid-Liquid Systems 
The great majority of industrial reactions are carried out in two or more phases, including 
gases, liquids and/or solids. The phases can be applied as the source or storage of 
reactants, catalyst for the reactions or improving mixing or transport processes in the 
reactor.  
Liquid-liquid dispersions have been the objects of many investigations dealing with 
emulsification and multiphase reactions. As can be seen in Figure 4, in a liquid-liquid 
system, i.e., oil-in-water emulsion, when the agitation of the stirrer starts with enough 
mixing energy, the dispersed phase is introduced into the continuous phase (Carlucci, 
2010).  
 
Fig. 4 Organic phase dispersion into media under agitation. 
The drop breakage and coalescence of the dispersed phase during stirring plays an 
essential role in gas-liquid-liquid mass transfer enhancement in stirred tanks (Fig. 5). 
There have been different approaches based on these phenomena reported in the literature 
to explain the mass transfer mechanism. 
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Fig. 5 Representation of drop breakage and coalescence. 
In recent years, researchers attempted to understand and explain the mechanism of mass 
transfer from the gas phase to the liquid phase in order to reduce mass transfer barriers 
and improve mass transfer. By exploring the effect of some mass transfer enhancing 
agents, more insight into the mechanism of mass transfer may be obtained (Das et al., 
1985; Cents et al., 2001; Ngo and Schumpe, 2012a, b). The presence of a third phase, 
either small solid particles (e.g., activated carbon) or a second liquid phase (e.g., organic 
solvent), dispersed in a gas-liquid system may enhance the mass transfer rate of gas into 
the continuous liquid phase (Rols et al., 1990), retard it (Yoshida et al., 1970) or have no 
effect (Cents et al., 2001).  
2.4    Stirred Tank Reactors 
Stirred vessels are applied for dispersing solids, liquids and gases into liquids. The 
purpose of the stirrer in mass transfer operations is to disperse gas effectively in order to 
promote contact between gas and liquid phase.   
2.4.1    Axial flow impellers 
Axial flow impellers cause the fluid to flow parallel to the blade along the axis of the 
rotating shaft. They generate an up and down flow pattern, useful in blending two or more 
liquids. The axial flow impellers are introduced to replace radial flow impellers because 
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of lower power numbers which makes them ideal for better gas dispersion and improved 
axial mixing. McFarlane et al. (1995) discussed that the axial flow impellers provide high 
gas handling capacity and excellent top-to-bottom mixing over radial disc turbines which 
have traditionally been used for gas-liquid processes (Fig. 6). 
 
                            
                                       a                                                        b 
Fig. 6 Flow Pattern generated by (a) axial and (b) radial flow impellers  
(McFarlane et al., 1995). 
2.4.2    Comparison of down- and up-pumping impeller 
The axial flow impellers produce an excellent top to bottom motion. The pitched blade 
turbine (PBT) is the most popular axial flow impeller. Examples of down- and upward 
pitched blade impellers are shown in Fig. 7. 
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a                                                                 b 
Fig. 7 PBT axial flow impellers: a) downward; b) upward for clockwise motion. 
 Down-pumping mode: The impeller is rotated so that the blades push the fluid 
down towards the bottom of the vessel. 
 Up-pumping mode: The impeller will push fluid in an upward manner towards the 
top of the vessel. 
The axial impellers in the up-pumping mode have shown better performance over the 
down-pumping axial flow impellers when aerated (Nienow, 1990; Sardeing et al., 2004b). 
Sardeing et al. (2004b) evaluated the volumetric mass transfer coefficient and gas holdup 
for a down- and up-pumping pitched blade turbine and then compared with two radial 
impellers. Tap water was used as the working ﬂuid and air was fed into the tank via a ring 
sparger. They concluded that the up-pumping turbines give superior performance in gas 
handling capacity, gas holdup capacity and gas–liquid mass transfer than down-pumping 
impellers. However, many think this to be paradoxical because intuitively the down-
pumping mode appears to be more beneficial than the up-pumping mode for dispersing 
gas (Khopkar et al., 2003). 
Although the investigations of axial flow agitators have been focused on power 
characteristics, mixing times, turbulent flow patterns (Hari-Prajitno et al., 1998; Jaworski 
and Dyster, 2001; Ӧzcan-Tașkin and Wei, 2003) and their mass transfer potential under 
aeration (Sardeing et al., 2004b), no studies have been carried out to compare the surface 
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aerated up- and down-pumping performance with respect to the mass transfer parameters 
and gas solubility for oil in water emulsions. In this work, based on the published data by 
Ngo and Schumpe (2012a), a comparison of the down-pumping with the up-pumping 
impeller is made. 
2.5    Surfactants 
2.5.1    Definition of surfactants 
Surfactants (emulsifiers, wetting agents, tensides, detergents and etc.) are widely used 
active substances which are able to reduce the surface and the interfacial tension. Table 2 
represents some applications of surfactants in the chemical industry.  
Table 2 
Summary of surfactant applications in the chemical industry  
(Schramm and Marangoni, 2000). 
Gas/liquid systems Liquid/liquid systems Liquid/solid systems 
Oil flotation process froth Emulsion drilling fluids 
Reservoir wettability 
modifiers 
Gas-mobility control foams 
Heavy oil pipeline 
emulsions 
Tank/vessel sludge 
dispersants 
Blocking and diverting foams Fuel oil emulsions Drilling mud dispersants 
Amphiphilic or amphipathic substances consist of two parts: one part that exhibits a 
strong affinity for nonpolar media (hydrophobic group) and one part that has an attraction 
for polar media, particularly water (hydrophilic group). Because of its dual affinity, these 
molecules tend to migrate to interfaces so that the hydrophilic group is placed in water 
and the hydrophobic group lies in oil. They show superficial and interfacial activity and 
they lower the surface tension of a liquid and the interfacial tension between two liquids 
(Schramm and Marangoni, 2000).  
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2.5.2    Classification and application of surfactants 
When water, oil and a surfactant come into contact, the surfactant adsorbs at the water-
oil interface. The polar head group favours water, while the hydrophobic chain (or tail) 
favours oil (Mishra et al., 2009).  
  
 
Anionic Cationic Nonionic 
Fig. 8 Head and tail orientation of surfactants 
(Denkov and Tcholakova, 2010). 
There are many kinds of surfactants, and they are classified by use, properties and 
chemical structure. The most accepted classification of surfactants is based on the nature 
of the polar head (hydrophilic) group, as illustrated in Figure 8 and Table 3.  
Table 3 
Surfactants classification (Schramm and Marangoni, 2000). 
Class Name structures 
Anionic 
Na dodecyl sulfate CH3(CH2)11SO4
−Na+ 
Na dodecyl benzene sulfonate CH3(CH2)11C6H4SO3
−Na+ 
Cationic 
Laurylamine hydrochloride CH3(CH2)11NH3
+Cl- 
Cetyl trimethylammonium bromide CH3(CH2)15N
+(CH3)
3Br- 
Nonionic 
Polyoxyethylene alcohol CnH2n+1(OCH2CH2)mOH 
Alkylphenol ethoxylate C9H19-C6H4-(OCH2CH2)nOH 
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In general, surfactants have been classified based on their dissociation in water: 
 Anionic surfactants: negatively charged  
They are the earliest development and the largest group of surfactants for the 
household industry, e.g., laundering, dishwashing agents and shampoos, because of 
their excellent cleaning properties. They are also used as foaming agents, emulsifiers 
and stabilizers. The anionic groups mainly include alkyl sulfates, sulfonates or 
carboxylate (Morelli and Szajer, 2000).  
 Cationic surfactants: positively charged 
Because of their good bactericidal properties, cationic surfactants are widely used for 
sterilization and cleansing wounds or burns (Morelli and Szajer, 2000).  
 Nonionic surfactants: uncharged 
Hydrophilic groups do not ionize in the solution. They have wide application in drug 
delivery, petroleum, food, textile, glass industries and to produce nano-emulsions 
(Posocco et al., 2016). 
2.5.3    Surfactant-stabilized oil/water emulsions  
Surface tension plays an important role in mass transfer processes such as distillation, 
absorption and desorption. The mass transfer rate can be affected by interfacial tension 
gradient as a result of presence of surfactants. The addition of small amounts of 
surfactants can significantly decrease surface or interfacial tension between two 
immiscible liquids. Surfactants with hydrophilic and hydrophobic properties will tend to 
migrate towards the oil–water interface, even at low concentrations.  The interfacial 
tension is reduced by accumulation at the interface of two liquids and coalescence of the 
dispersed phase is inhibited (Asgharpour et al., 2010). Above the critical micelle 
concentration (CMC) the surface tension remains almost constant (Rosu and Schumpe, 
2006; García-Abuín et al., 2010). 
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2.6    Literature Review 
Previous researchers on mass transfer into emulsions have reported rather contradictory 
results. Some investigations dealing with gas-liquid-liquid systems are briefly reviewed 
in the following section. 
2.6.1    Effects of a dispersed liquid phase on oxygen transfer 
One of the first attempts to study gas absorption into oil-in-water emulsion was made by 
Yoshida et al. (1970). They investigated the volumetric coefficient of oxygen transfer 
into water with the addition of kerosene, liquid paraffin, toluene or oleic acid as the 
dispersed phase in a bubble column and a gas-liquid agitator. They found that non-
spreading (𝑆𝑂𝑊 < 0) oil like n-paraffin and kerosene inhibit gas transfer, presumably, 
because of partial occupation of the bubble surface by beading oil droplets. In toluene- 
and oleic acid-water systems with positive spreading coefficient, kLa initially decreases 
and then increases. This sharp reduction might be attributed to increased liquid phase 
resistance due to spreading oil as a thin film on the gas-liquid interface. Linek and Beneš 
(1976) also used the spreading coefficient concept to explain some unusual mass transfer 
behavior.    
Surprisingly, Hassan and Robinson (1977) reported air-to-aqueous phase kLa in a stirred 
tank increased in an emulsion with negative spreading coefficient (n-hexadecane) but 
decreased for positive spreading coefficient (n-dodecane).  
The effect of soybean oil on oxygen transfer in a fermentor was evaluated by Rols and 
Goma (1991). They concluded that the cause of enhancement in oxygen transfer rate was 
the layering of the oil phase as a thin film at the gas liquid interface. Similar results were 
reported by Sauid et al. (2013) for palm oil in xanthan gum solutions in a stirred tank.  
They suggested that oil with high positive spreading coefficient (S = 38.3 mN/m) tends 
to spread on the bubble surface and lead to lower bubble size and higher interfacial area.  
Mass transfer enhancement in a bubble column in the presence of seven different 
immiscible organic liquids dispersed as droplets was measured by Kundu et al. (2003). 
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Adittion of n-decane, dodecane and n-heptane significantly enhanced mass transfer 
whereas toluene, anisole and 2-ethyl-1-hexanol hindered mass transfer. 
Ngo and Schumpe (2012b) found that kLa exhibits an initial rapid increase at very low oil 
fraction (n-dodecane and n-hexadecane) then decreases towards the phase inversion 
region. n-Heptane emulsions always showed higher kLa values compared to the pure 
water. They concluded that this increase might be caused by a bubble covering 
mechanism enabled by the high spreading coefficient.  
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Table 4 
Reported effects of dispersed organic liquids on oxygen transfer. 
Dispersed phase 𝝋𝑶,% 𝑺𝑶/𝑾
a kLab kL Authors 
n-Paraffin 
Kerosene 
0-20 
- ↘ 
 
Yoshida et al. 
(1970) Toluene 
Oleic acid 
+ ↘↗ 
Oleic acid 
0-100 
+ ↘↗ ↘↗ 
Linek and Beneš 
(1976) 
n-Alkanes - →↗ →↗ 
n-Dodecane 
0-10 
+ ↘↗  
Hassan and Robinson 
(1977) 
n-Hexadecane - ↗→  
Soybean oil 0-30 + ↗↘  
Rols and Goma 
(1991) 
n-Decane 
n-Dodecane 
n-Heptane 
0-10  
↗ 
 
Kundu et al. 
(2003) Toluene 
Anisole 
2-Ethyl-1-hexanol 
↘ 
n-Dodecane 
n-Hexadecane  
0-60 
+ ↗↘ 
 
Ngo and Schumpe 
(2012b) 
n-Heptane + ↗ 
Palm oil 
0-50 
+ 
↗↘  Sauid et al. 
(2013) 
a) Spreading coefficient (cf. §3.3); b) Trend with increasing oil volume fraction. 
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2.6.2    Effects of a dispersed liquid phase on carbon dioxide transfer 
This section is devoted to reviewing the literature on carbon dioxide absorption into 
different liquid-liquid systems. 
Kierzkowska and Zarzycki (2000) used a mechanically agitated vessel to determine the 
volumetric mass transfer coefficient for CO2 in toluene/water system. The oil fraction 
ranged from 1 to 20 vol% and the stirring rate varied from 400-600 min-1. The 
experiments were carried out in semi batch condition under constant pressure in the 
reactor. They observed that kLa increased with increasing toluene volume fraction, 
presumably, due to gas-liquid interface covering by a toluene layer with higher gas 
solubility than the continuous phase. 
Cents et al. (2001) measured kLa, the liquid side mass transfer coefficient kL and the 
specific international area a simultaneously by the Danckwerts-plot technique. They 
applied toluene, n-dodecane, n-heptane and 1-octanol as dispersed phases. The initial 
decrease in kLa on the addition of four dispersed phases was observed. However, they 
discussed the initial effect should not be considered to make a comparison at higher oil 
phase fraction. They observed that the addition of toluene and 1-octanol the buffer 
solutions caused an increase in mass transfer rate while n-dodecane and n-heptane 
retarded mass transfer. 
Zhang et al. (2010) studied the carbon dioxide mass transfer in the presence of n-heptane, 
dimethylbenzene and isoamyl alcohol (0-5%) in a stirred tank reactor. They observed that 
kLa increased up to a maximum at 3% oil volume fraction and then decreased. They 
claimed dispersed phase droplets accumulation on the water surface causing the liquid-
side mass transfer coefficient and the gas-liquid interfacial area to decrease.  
In contrast, Ngo and Schumpe (2012a), found that kLa exhibits an initial rapid increase at 
very low oil fraction (n-dodecane and n-hexadecane) and then decreases towards the 
phase inversion region. n-Heptane emulsions always showed higher kLa values compared 
to pure water. They concluded that this increase might be caused by a bubble covering 
mechanism enabled by the high spreading coefficient.  
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Table 5 
Reported effects of dispersed organic liquids on carbon dioxide transfer. 
Dispersed phase 𝝋𝑶,% 𝑺𝑶/𝑾
a kLab kLb ab Authors 
Toluene 0-20  ↗   
Kierzkowska and 
zarzycki 
(2000) 
n-Heptane 
n-Dodecane 
0-40 
 ↘ → ↘ 
Cents et al. 
(2001) Toluene 
1-Octanol 
 ↗ ↗ ↘ 
n-Heptane 
Dimethylbenzene 
Isoamyl alcohol 
0-5  ↗↘ ↗↘  
Zhang et al. 
(2010) 
n-Dodecane 
n-Hexadecane  
0-60 
+ ↗↘ 
  
Ngo and Schumpe 
(2012a) 
n-Heptane + ↗ 
a) Spreading coefficient (cf. §3.3); b) Trend with increasing oil volume fraction. 
2.6.3    Effects of surfactants on mass transfer 
Yoshida et al. (1970) showed that the addition of a small amount of Tween 85 causes an 
initial sharp decrease in overall volumetric mass transfer coefficient of oxygen in water 
in the agitated vessel. This was interpreted as a result of increasing liquid phase resistance 
due to accumulation of surfactants on the gas-liquid interface. In contrast, kLa at low 
volume fractions of kerosene in the presence of surfactant first increases and then 
decreases slightly with increasing fraction of kerosene.  
Painmanakul et al. (2005) investigated the effect of an anionic surfactant (Sodium 
laurylsulfate) and a cationic surfactant (Lauryl dimethyl benzyl ammonium bromine) on 
the mass transfer parameters in a bubble column with a single orifice as gas sparger. They 
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found that the interfacial areas in surfactant solutions are larger than those in water and 
the volumetric- and liquid side mass transfer coefficients are smaller than those of water. 
They deduced that the presence of surfactant at the gas-liquid interface disturbs the mass 
transfer by modifying the liquid film thickness around the gas bubbles.  
Gόmez-Díaz et al. (2009) applied a photographic method and a slip velocity model in a 
bubble column reactor to study mass transfer parameters of carbon dioxide absorption in 
water. An initial increase in the liquid-side mass transfer coefficient was obtained at low 
decyltrimethylammonium bromide (DTABr) concentrations. This was attributed to 
interfacial turbulence in the liquid film due to surface tension gradients. They postulated 
that this behavior could be generalized for a great part of the surfactants of different types. 
Presence of a low concentration of surfactant caused a decreased in the value of the 
interfacial area.  
Asgharpour et al. (2010) studied the absorption of oxygen in different emulsions with 
surfactants in a bubble column. They observed that kLa increases with increasing 
concentration of hydrocarbons. The presence of oil droplets in the liquid film around the 
gas bubbles was claimed to cause reduction of bubble coalescence. The presence of 
surfactant increased the mass transfer rate by increasing the coalescence-inhibiting 
tendency while the kL values remained roughly constant.  
Chen et al. (2013) used a fine bubble aeration system to study the effects of different 
surfactant types on oxygen absorption in an organic glass cube vessel. They compared 
the influence of four different anionic, cationic and nonionic surfactants on kLa, kL and a. 
They observed that, with the addition of surfactants, the specific interfacial areas are 
larger than those in clean water while increase in the surfactant concentration leads to 
decrease in kLa and kL. 
 29 
 
Table 6 
Effects of surface active agents on the mass transfer parameters reported in the 
literature. 
Surfactants  kLa kL a Authors 
Tween 85 
Water 
↘↗   
Yoshida et al. 
(1976) 
Water+kerosene 
SDSa 
LDBABrb 
Water ↘ ↘ ↗ 
Painmanakul et al.  
(2005) 
DTABr Water ↗ ↗↘ ↗ 
Gόmez-Díaz et al. 
(2009) 
SDS 
Water 
↗ → ↗ 
Asgharpour et al. 
(2010) 
Water+n-tridecane 
SDS 
SDBSc 
CTABd 
Tween 20 
Water ↘ ↘ ↗ 
Chen et al. 
(2013) 
a) Sodium dodecyl sulfate; b) Lauryl dimethyl benzyl ammonium bromine; c) Sodium dodecyl benzene sulfonate;  
d) Dodecyltrimethylammonium bromide. 
2.6.4    Mass transfer with chemical reaction 
The reaction between CO2 and aqueous alkanolamine solutions was introduced by 
Danckwerts and Sharma (1966) as a model system for the determination of mass transfer 
parameters. Vázquez et al. (2000) determined the interfacial area by different chemical 
methods: Danckwerts method for absorption of carbon dioxide in carbonate buffer 
solutions and sulfite or dithionite oxidation. They also studied the influence of the anionic 
surfactant SDS on interfacial area. 
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Most attempts have been made to observe the dependence of the specific interfacial area 
on the gas velocity in the bubble columns and stirred reactors. A few investigations have 
been presented in the literature on the effect of organic liquid phase fraction on the 
chemically determined specific interfacial area. 
Mehta and Sharma (1971) observed an increase in interfacial area in a stirred vessel upon 
addition of 2-ethyl hexanol as an organic liquid into the NaOH solution. They concluded 
that the initial increase in interfacial area with increasing oil volume fraction could be due 
to CO2 transfer to the aqueous phase through the organic droplets (series pathway) and/or 
reduced coalescence of gas bubbles by presence of small oil droplets. 
An investigation was done by Das et al. (1985) to study the effect of toluene on the 
interfacial area in a stirred vessel. They used the chemical absorption of CO2 in NaOH 
solution and physical methods such as bubble size and gas hold-up measurements. 
Although the methods showed different values, similar trends were observed: The 
interfacial area increased initially with increase in oil fraction up to a maximum value and 
then decreased. 
Schumpe and Deckwer (1980) reviewed literature data for bubble column reactor 
comprehensively to compare interfacial area values achem. obtained from sulfite oxidation 
and CO2 absorption into alkali solutions. The interfacial area obtained from sulfite 
oxidation method showed higher value even for the same reactors. Generally, because of 
the diversity of the bubble sizes, the geometrical specific interfacial area ageo. is larger 
than achem..  
Cents et al. (2001) studied CO2 chemical absorption into a carbonate buffer solution in 
the presence of dispersed organic liquids, using the Danckwerts-plot technique in order 
to determine the liquid side mass transfer coefficient and the interfacial area 
simultaneously.  They observed that the addition of n-heptane and n-dodecane caused a 
reduction in mass transfer rate while the presence of toluene and 1-octanol enhanced mass 
transfer. The liquid side mass transfer coefficient remained constant when n-heptane and 
n-dodecane were added to the buffer solutions. The addition of toluene and 1-octanol 
caused an increase in kL. The interfacial area decreased with the addition of dispersed 
organic liquids.  
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Reported results in the literature reveal that there is a lot of contradiction about the gas 
absorption mechanism in the presence of second immiscible liquid. By studying mass 
transfer parameters separately, more insight on the gas-liquid-liquid systems may be 
obtained.  
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Chapter 3 
Emulsion Morphology and Phase Inversion 
3.1   Viscosity 
Bubble coalescence, mass transfer characteristics, liquid film behavior and hydrodynamic 
parameters are affected by liquid properties such as viscosity, density and surface tension. 
The influence of liquid properties on the boundary layer thickness, interfacial surface 
properties and liquid-phase mass transfer coefficient was studied by Worden and 
Bredwell (1998). 
Viscosity has a strong effect on the bubble breakup and coalescence. Increasing viscosity 
leads to suppress the bubbles breakup and promote coalescence (Martín et al., 2008b). 
Bigger bubbles have smaller specific interfacial area and increasing mass transfer 
resistance is offered by the liquid film with increasing viscosity. According to the reported 
results the liquid side mass transfer coefficient, the specific interfacial area and finally the 
volumetric mass transfer coefficient decrease as the viscosity increases (Fujasová, et al., 
2007; Linek et al., 2004).   
For emulsions, various models for calculating mixture viscosity were suggested (Taylor, 
1932; Vermeulen et al., 1955; Laity and Trebal, 1957; Barnea and Mizrahi, 1976; 
Bedeaux, 1983). The Vermeulen et al. (1955) expression was found in good agreement 
with reported experimental results (Guilinger et al., 1988). In this study, the Vermeulen 
(1955) relation (Eq. 22) was used for calculating the viscosities of the two types of 
dispersions, water continuous and oil continuous. 
𝜇𝑚 =
𝜇𝑐𝑜𝑛𝑡.
1 − 𝜑𝑑𝑖𝑠𝑝.
(1 +
1.5𝜑𝑑𝑖𝑠𝑝.𝜇𝑑𝑖𝑠𝑝.
𝜇𝑑𝑖𝑠𝑝. + 𝜇𝑐𝑜𝑛𝑡.
) (22) 
where 
             𝜇𝑚 = mixture viscosity, Pa s 
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 𝜑𝑑𝑖𝑠𝑝. = dispersed phase volume fraction, - 
 𝜇𝑑𝑖𝑠𝑝. = dispersed phase viscosity, Pa s 
 𝜇𝑐𝑜𝑛𝑡. = continuous phase viscosity, Pa s.  
Figure 9 illustrates the viscosity variation based on the oil volume fraction in n-
hexadecane, n-dodecane and n-heptane emulsions.  
 
Fig. 9 Viscosity as function of oil volume fraction (Eq. 22). 
For all emulsion systems, the viscosity increases with an increase in the dispersed phase 
volume fraction. For n-hexadecane and n-heptane, the emulsion viscosity changes 
drastically upon phase inversion. 
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Some other relations suggested in the literature imply stronger effects of the dispersed 
phase volume fraction. These models are compared to the Vermeulen et al. (1955) relation 
in Figure 10. 
 
Fig. 10 Comparison of viscosity models for n-hexadecane emulsions  
(Vermeulen et al., 1955; Laity and Treybal, 1957; Furuse, 1972; Barnea and Mizrahi, 
1976). 
3.2    Phase Inversion 
Two types of dispersions can be distinguished: oil-in-water (O/W) where oil drops form 
the dispersed phase in water as the continuous phase and water-in-oil (W/O) where oil is 
the continuous phase.  
Phase inversion refers to a complex phenomenon when an interchange occurs between 
the dispersed and the continuous liquid phase. Under steady-state conditions the droplet 
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distribution in an O/W dispersion follows a dynamic balance between drop breakup and 
coalescence. An increase of the oil phase volume fraction increases both the coalescence 
and the drop breakup rate as more oil drops pass through the impeller region. With 
increasing oil fraction, the coalescence rate increases faster than the breakup rate and the 
droplets will grow in size. At very high dispersed phase fraction, the coalescence rate 
overwhelms the breakup rate, leads to phase inversion and another dynamic equilibrium 
of breakage and coalescence of the water droplets (Hu et al., 2005).  
 
 
 
 
                         
                        A                 B                 C             D                 E                F 
Fig. 11 Transition of oil-in-water to water-in-oil emulsion (Hu and Angeli, 2006). 
A schematic diagram of the transition O/W to W/O is shown in Figure 11. In the O/W 
dispersion at low oil fractions, there are small spherical oil droplets in the water 
continuous phase (graph A). As the volume fraction of oil increases, the droplets will be 
more closely packed, tend to coalesce and form larger drops (graph B and C). With further 
increase of the dispersed oil fraction, the phase change from oil-in-water to water-in-oil 
will take place within the transitional region (graph D and E). After complete phase 
inversion, a water-in-oil dispersion is formed (graph F). 
The evolution of Sauter mean diameter during an inversion from O/W to W/O is 
illustrated in Figure 12 by Vaessen (1996). They detected the phase inversion region for 
hexane-in-water emulsions in the stirred vessel at the speed of 1500 rpm. From this figure, 
it can be observed that with increasing dispersed phase volume fraction the Sauter mean 
diameter first goes up and drops dramatically at the inversion point.    
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Fig. 12 Evolution of Sauter mean droplet diameter for hexane/water emulsion in the 
stirred vessel (Vaessen, 1996). 
Previous experimental results have shown the following features of phase inversion 
(Vaessen, 1996): 
 The phase inversion is dependent on the vessel geometry, impeller type, position 
and degree of agitation. 
 The phase inversion is dependent on the density, the interfacial tension and the 
viscosities of the phases.   
The phase inversion mechanism is not well understood and has been investigated for the 
past several decades.  
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3.2.1    Identifying phase inversion region  
Several techniques are used to detect and monitor phase inversion from O/W to W/O 
emulsions: 
 Conductivity: One of the most popular methods to detect and monitor phase 
inversion is the electrical conductivity of the emulsion. An electrolyte such as 
sodium chloride, only soluble in the aqueous phase, is added to the emulsion. 
When an oil in water emulsion inverts to a water in oil emulsion, the conductivity 
decreases rapidly since the new continuous phase is not conductive (Hu and 
Angeli, 2006; Ngo and Schumpe, 2012a). 
 Viscosity: The emulsion viscosity increases with increasing volume fraction of 
the dispersed phase. When the phase inversion occurs, a sharp change in emulsion 
viscosity is observed (Tyrode et al., 2005).  
 Light scattering: this technique has been used to monitor the size distribution of 
the droplets in emulsions (Pizzino et al., 2009). 
We did not study phase inversion in our experiments, but refer to the measurements of 
Ngo and Schumpe (2012a) in the same systems.  
3.3    Cohesion, Adhesion and Spreading Coefficient 
The interfacial tension between organic liquids and water is an important parameter in 
determining the mass transfer characteristics. 
A compilation of surface and interfacial tensions measured by different authors is listed 
in Table 7-9. 
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Table 7 
Summary of surface tension values for organic liquid at 25˚C. 
n-alkane 
𝜸𝑶/𝑮  
(mN/m) 
Hirasaki 
(1993) 
Demond and Linder 
(1993)  
Kundu et al. 
(2003a) 
Ngo and Schumpe 
(2012a ) 
n-Heptane 19.7 16.66 20.30 19.8 
n-Dodecane 25.1 24.91 25.41 24.6 
n-Hexadecane 27.3 26.95 - 26.7 
a) at 20 ˚C. 
 
Table 8 
Summary of air-saturated water surface tension values at 25˚C. 
n-alkane 
 
𝜸𝑾/𝑮
a 
(mN/m) 
 
Demond and Linder 
(1993) 
Kundu et al. 
(2003b) 
Ngo and Schumpe 
(2012a) 
n-Heptane 72.59 65 71.8 
n-Dodecane 72.74 71 68.2 
n-Hexadecane 71.83 - 71.2 
a) Air-saturated aqueous phase; b) at 20 ˚C. 
 
 
 39 
 
Table 9 
Summary of interfacial tension values for organic liquids at 25˚C. 
n-alkane 
 
𝜸𝑶/𝑾 
(mN/m) 
 
Demond and Linder 
(1993) 
Zeppieri et al. 
(2001) 
Ngo and Schumpe 
( 2012a) 
n-Heptane 50.2 50.71 40.8 
n-Dodecane 52.8 52.55 41.4 
n-Hexadecane 53.3 - 42.9 
The work required to separate the two liquids, which are brought in contact, to give clean 
surfaces of individual liquids is defined as 𝑊𝑂/𝑊 : 
𝑊𝑂/𝑊 = 𝛾𝑂/𝐺 + 𝛾𝑊/𝐺 − 𝛾𝑂/𝑊 (23) 
where   
             𝛾𝑂/𝐺  = surface tension of oil, N m
-1 
             𝛾𝑊/𝐺 = surface tension of water, N m
-1 
             𝛾𝑂/𝑊 = interfacial tension of oil and water, N m
-1. 
This is known as the work of adhesion between two immiscible liquids or as Dupré's 
equation (Davies and Rideal, 1961). The work of cohesion for a single liquid (e.g., oil) is  
𝑊𝑂 = 2𝛾𝑂/𝐺 (24) 
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The initial spreading of the oil over the clean surface of water can be related to the work 
of adhesion and cohesion by subtracting equation (24) from (23), 
 𝑆𝑂/𝑊 = 𝛾𝑊/𝐺 − (𝛾𝑂/𝑊 + 𝛾𝑂/𝐺) (25) 
It is necessary to calculate the spreading coefficient 𝑆𝑂/𝑊, in order to determine whether 
an organic liquid will form a thin film on the water surface or a droplet lens. 
The oil spreading on the water occurs only if oil molecules adhere to the water molecules 
more strongly than they cohere to themselves (𝑆𝑂/𝑊 ≥ 0). Then the organic liquid will 
spread as a thin film on the bubble surface and act like surfactants to lower the surface 
tension, and thereby increase the specific interfacial area of the gas dispersion and, hence, 
possibly increase kLa. On the other hand, if 𝑆𝑂/𝑊 is negative, the organic liquid tends to 
form floating distinct droplets that may partially block the surface area effective for gas 
transfer at the interface, thus reducing the mass transfer rate as a consequence of reducing 
the rate of surface renewal (Pinho and Alves, 2010). 
 
 
 
 
 
 
Fig. 13 Effect of spreading coefficient on the mass transfer of gas into oil-in-
water emulsion: ● aqueous phase; ● dispersed oil phase. 
Gas 
bubb
le 
Gas 
bubb
le 
𝑆𝑂/𝑊  > 0 𝑆𝑂/𝑊  < 0 
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Although interfacial properties and the spreading coefficient have been taken into account 
in determination of the volumetric mass transfer coefficient (Fig. 13), an extensive review 
of gas transfer into oil-in-water systems (Dumont and Delmas, 2003) reveals that, because 
of the lack of information of oil distribution near the gas-liquid interface and contradictory 
reported spreading coefficient values, it is not possible to interpret the mass transfer 
behavior only through the interfacial properties and further investigations are needed  
(Table 10). 
Table 10 
Summary of spreading coefficient values for organic liquid at 25˚C. 
n-alkane 
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n-Heptane    +1.3 +1.2 to +2.3 +11.8 
n-Dodecane +0.6 -2.6 +3.7 -6.1 -5.3 to -5.9 +2.0 
n-Hexadecane  -9.3  -8.5 
 
+2.2 
a) at 20 ˚C. 
Drelich and Miller (2000) studied the spreading of low viscosity n-alkanes (pentane, 
heptane, dodecane and hexadecane) on the water surface using a Kodak high-speed video 
system. They found that when a small hydrocarbon droplet was placed on the water 
surface, dodecane and hexadecane (with negative spreading coefficients) remained as 
droplets on the surface, whereas pentane and heptane (with positive spreading 
coefficients) spread immediately on the water surface. Their results are shown in Figure 
14. It is evident that heptane is more likely to spread on the surface than the other organic 
liquids.   
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Fig. 14 Spreading kinetics for different n-alkanes (Drelich and Miller, 2000). 
For spreading oils (𝑆𝑂/𝑊 > 0), Yoshida et al. (1970) concluded that the initial rapid 
decrease in kLa for oxygen absorption in the toluene/water emulsions in an agitated vessel 
might be attributable to spreading oil film on the gas-liquid interface which means 
increasing specific interfacial area but decreasing liquid side mass transfer coefficient. In 
contrast, Ngo and Schumpe (2012a, b) reported an increase in kLa at low n-dodecane 
concentrations for both oxygen and carbon dioxide absorption. According to them, the 
initial increase may be due to shuttle mechanism (Fig. 15). 
For negative spreading coefficients (𝑆𝑂/𝑊 < 0), Hassan and Robinson (1977) found that 
the oxygen transfer was reduced in the case of n-dodecane whereas the addition of n-
hexadecane gave an enhancement of oxygen transfer. However, they were not able to 
interpret these contrary results (Fig. 15). 
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Fig. 15 The discrepancy of the spreading coefficient effect on kLa. 
It is obvious that the spreading coefficient for oil-in-water emulsions cannot provide a 
clear explanation of unusual variations in the mass transfer characteristics upon addition 
of second immiscible phase. 
3.4    Gas-liquid Mass Transfer Pathway 
Gas-liquid-liquid mass transfer can be assumed to be a limiting step since the droplet size 
of the dispersed liquid is much smaller than the bubble size (Ngo and Schumpe, 2012a). 
The liquid phases are close to equilibrium, then. Different pathways may exist for gas-
liquid mass transfer 
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3.4.1    Oil-in-water emulsions 
When a gas bubble comes into contact with a liquid-liquid dispersion, different 
interactions and possible mass transfer pathway might occur: 
 𝑺𝑶/𝑾 > 𝟎 
o Oil spreads around the bubble totally or partially and forms a thin film. 
 Serial transfer path:  gas → oil → water 
 Parallel transfer path:  gas → oil 
                                                              gas → water 
 𝑺𝑶/𝑾 < 𝟎 
o Beading oil droplets cover the bubble surface partially. 
 Serial transfer path: gas → water → oil 
The schematic diagram of the three possible pathways are depicted in Figure 16. 
 
 
         Transfer in parallel                               Transfer in series 
Fig. 16 Possible mass transfer pathway for O/W emulsions; 
 ●aqueous phase; ●dispersed oil phase. 
The most probable mass transfer path for spreading oil where there is a direct contact 
between gas and oil, 𝑆𝑂/𝑊 > 0, is parallel transport (Yoshida et al., 1970; Hassan and 
Robinson, 1977; Rols et al., 1990). Linek and Beneš (1976) studied absorption of oxygen 
and argon into different type of emulsions in an agitated vessel. They observed in O/W 
Gas 
Gas 
Gas Gas 
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emulsions with positive spreading coefficient, kL initially decreased and then increased 
with increasing oil volume fraction. kL remained constant in emulsions with positive 
spreading coefficient; so they suggested there is no direct contact between gas and 
dispersed oil and the transfer path is gas → water → oil.  
3.4.1    Water-in-oil emulsions 
A little data has been published so far on the effect of aqueous dispersed phase (W/O) on 
the mass transfer coefficient considering possible pathways (Linek and Beneš, 1976; Ngo 
and Schumpe, 2012a). Whatever the spreading coefficient, two mass transfer pathways 
might be considered for W/O emulsions: 
o No direct contact between gas and dispersed aqueous phase. 
 Serial transfer path:  gas → oil → water 
o Gas is in direct contact with both the dispersed aqueous phase and oil 
continuous phase. 
 Parallel transfer path:  gas → oil 
                                                              gas → water 
 
 
                          Transfer in series                       Transfer in parallel 
Fig. 17 Possible mass transfer pathway for W/O emulsions; 
●dispersed aqueous phase; ●oil phase. 
Gas 
Gas 
Gas 
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Based on the investigation of Linek and Beneš (1976), the mass transfer coefficient 
increased with increasing oil volume fraction in W/O emulsions. They discussed the 
parallel pathway is more probable than gas transfer in series as the mass transfer 
coefficient showed a strong increase with increasing oil volume fraction. 
3.5    Enhancement Factor  
In physical gas absorption into emulsions, the effect of the dispersed phase on the mass 
transfer rate is often represented by an enhancement factor E. This factor is defined as the 
ratio of the absorption flux in the presence of the dispersed liquid to that in the pure 
continuous phase at the same hydrodynamic conditions and the same driving force 
(Dumont and Delmas, 2003): 
𝐸 =
(𝑁A)(𝜑𝑑𝑖𝑠𝑝.≠0)
(𝑁A)(𝜑𝑑𝑖𝑠𝑝.=0)
=
𝑘L𝑎(𝜑𝑑𝑖𝑠𝑝.≠0)
𝑘L𝑎(𝜑𝑑𝑖𝑠𝑝.=0)
 (26) 
3.6    Shuttle Mechanism 
In the literature several mechanisms have been proposed to explain gas absorption 
enhancement. 
A shuttle- or grazing mechanism was proposed by Bruining et al. (1986). The mechanism 
is based on the absorbed gas being transferred to the continuous phase outside the 
boundary layer by loaded dispersed phase droplets (Fig. 18). In this mechanism, in order 
to achieve significant enhancement of mass transfer in the presence of second immiscible 
phase, the droplet size should be small compared to the mass transfer film thickness in 
the liquid (Bruining et al., 1986). 
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Fig. 18 Shuttle mechanism: ●aqueous phase; ●dispersed oil phase. 
A theoretical enhancement factor can be also calculated for the shuttle effect (Bruining et 
al., 1986): 
𝐸𝑠ℎ𝑢𝑡𝑡𝑙𝑒𝑒𝑓𝑓𝑒𝑐𝑡 = √1 + 𝜑𝑑𝑖𝑠𝑝.(𝑚𝑅 − 1) (27) 
where 𝑚𝑅 is the ratio of the gas solubility in the organic phase to that in the aqueous 
phase.  
3.7    Bubble Covering Mechanism 
In contrast to the shuttle mechanism, the bubble covering or coalescence-redispersion 
mechanism has rarely been considered due to lack of information concerning interface 
properties and bubble-oil droplet interaction. This mechanism was proposed by Rols et 
al. (1990) for positive spreading coefficients which cause an oil layer on the bubble 
surface. There is gas-to-oil transfer and, after oil redispersion into droplets, oil-to-water 
transfer. Figure 19 illustrates the steps of the bubble covering mechanism. 
Bulk gas 
1 
2 
3 
𝛿L 
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Fig. 19 Bubble-covering mechanism: ●aqueous phase; ●dispersed oil phase.  
Van Ede et al. (1995) assumed a direct contact between gas and organic liquids. Thus the 
gas transfer to aqueous continuous phase and dispersed organic liquid phase was assumed 
to be in parallel. They calculated a maximum enhancement factor by the film theory: 
𝐸𝑚𝑎𝑥
𝑓𝑖𝑙𝑚𝑡ℎ𝑒𝑜𝑟𝑦 = 1 + 𝜑𝑑𝑖𝑠𝑝. (𝑚R
𝐷𝐴,𝑂
𝐷𝐴,𝑊
− 1) (28) 
However, Dumont and Delmas (2003) discussed that experimental enhancement factors 
showed lower values than 𝐸𝑚𝑎𝑥.  
Coalescence Redispersion 
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Chapter 4 
Material and Methods 
4.1    Physical Absorption 
4.1.1    Experimental set-up  
A scheme of the experimental apparatus and a photo are given on Figure 20 and 21, 
respectively. The mechanically agitated vessel, made of glass, had an effective volume of 
1940 ml, 100 mm inner diameter and 210 mm total height. Four equally spaced baffles 
with a width of 10 mm served to ensure sufficient mixing and prevent vortex formation 
within the reactor. To adjust the temperature, ethylene glycol solution was circulated 
through the jacket of the reactor by means of a thermostat. 
 
Fig. 20 Scheme of the experimental setup. 
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Fig. 21 Photo of the experimental setup. 
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The dispersions inside the reactor were agitated with a 4-blade 45˚ pitched blade turbine 
(PBT) operating in the down-pumping mode. The diameter of the impeller was 1/2 of the 
inner diameter of the vessel and placed 30 mm above the bottom of the reactor (Fig. 22). 
The rotational speed of the impeller was 1000 rpm in all experiments. Mixing was 
adequate to disperse the oil in the aqueous phase and entrain gas from the top. A second 
impeller was installed at the top to ensure mixing in the gas phase.  
 
  
Fig. 22 Four-blade 45˚ pitched blade impeller and gas entertainment at 1000 rpm. 
The liquid in the amount of 700 ml (80 mm height) added for each experiment was heated 
to 25±0.1˚C and kept at this temperature by a thermostat (Model F32, JULABO). The 
temperature was measured with a temperature sensor (Pt 100, JULABO). The operating 
pressure in the reactor was measured with a pressure sensor (Model E, HONEYWELL), 
installed on the lid of the reactor. The characteristics of the reactor are summarized in 
Table 11. 
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                                  a                                                                       b 
Fig. 23 a) Pressure sensor used, b) Installation of the sensor. 
 
 
Table 11 
Characteristics of the reactor and stirrer. 
 
Characterize  
Total volume 1940 ml 
Liquid volume 700 ml 
Internal diameter 100 mm 
Total height 21mm 
Number of baffles 4 
Baffles width 10 mm 
Off-bottom clearance of lower impeller (for liquid phase)  30 mm 
Off-bottom clearance of upper impeller (for gas phase) 140 mm 
Type of impeller 45˚ Pitched-blade turbine 
Diameter of impeller 50mm 
Impeller blade width 4mm 
Impeller blade height 18mm 
Number of blades 4 
Stirrer shaft diameter 8 mm 
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4.1.2    Chemical material 
Gas: the gas used to carry out the physical absorption experiments was 99.999% pure 
carbon dioxide (CO2).  
 Henry constant (H): 2980.1 Pa m-3 mol-1 (Vázquez et al., 1997). 
  Diffusion coefficient in water (𝐷): 1.97×10-9 m2 s-1 (Vázquez et al., 1997). 
Liquids: Double-distilled water or aqueous solutions of sodium dodecyl sulfate (SDS) 
were taken as the aqueous phase and three different organic liquids, n-heptane (Sigma 
Aldrich), n-dodecane and n-hexadecane (Merck) with purity ≥ 99%, were used as the oil 
phase. Some relevant properties for the liquids used in this work are given in Table 12. 
Table 12 
Physical properties of liquids at 25˚C (Lide, 2003). 
Liquid Formula 
Vapor 
Pressure 
kPa 
Viscosity 
mPa s 
Density 
kg m-3 
Water 
 
3.17 0.890 997 
Heptane  
 
6.09 0.387 679.5 
Dodecane 
 
0.02 1.383 749.5 
Hexadecane  
 
~0 3.032 770.1 
Surfactant: The anionic surfactant sodium dodecyl sulfate (SDS) with the chemical 
formula of C12H25SO4Na was applied in the present work, supplied by Merck KGaA with 
a purity of 99%. The concentration of SDS was kept constant with respect to the aqueous 
O 
H H 
C 
C H3C 
H2 
H2 
C 
C 
H2 
H2 
C 
C 
H2 
H3 
H3C 
H2 
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CH3 10 
H3C CH3 
14 C 
H2 
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phase (0.22 g L-1), while the oil volume fraction ranged from 0 to 100%. The 
concentration of the surfactant was well below the critical micelle concentration (CMC) 
of 1.9 g L-1 (Painmanakul et al., 2005) in order to avoid foam formation at the surface 
during the absorption process (Fig. 24).  
 
                                    a                                                                b 
Fig. 24 Photo of O/W emulsion of n-hexadecane (𝜑𝑂 = 10%); 
 a) before and b) during agitation. 
 It can be assumed that the density and viscosity of surfactant dilute aqueous solutions are 
equal to those of water (Painmanakul et al., 2005). Also Gómez-Díaz et al. (2007) showed 
that low concentrations of surfactant have no effect on the viscosity. The diffusivity and 
solubility of CO2 were also equal to their values for pure water (Vázquez et al., 1997).  
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4.1.3    Surface tension 
Liquid-air surface tensions and liquid-oil interfacial tensions reported in this work were 
measured with the Ring method using the tensiometer K11 (KRÜSS) at 25˚C (Table 13 
and 14). The apparatus was calibrated with distilled water. 
Table 13  
Surface and interfacial tensions for current study at 25˚C. 
n-alkane 
𝜸𝐖/𝐆
a  𝜸𝐎/𝐆  𝜸𝐎/𝐖  𝑺𝑶/𝑾 
mN m-1 
n-Heptane 71.6  19.8  49.0  +1.4 
n-Dodecane 72.1  24.8  40.7  +5.59 
n-Hexadecane 72.1  27.1  41.0  +4.0 
a) Oil-saturated water. 
 
Table 14  
Surface and interfacial tensions in the presence of SDS (0.22 g L-1) at 25˚C. 
n-alkane 
𝜸𝐖/𝐆
a  𝜸𝐎/𝐆  𝜸𝐎/𝐖 𝑺𝑶/𝑾 
mN m-1 
n-Heptane 66.1  19.8  34.2 +12.1 
n-Hexadecane 66.4  27.1  22.6 +16.7 
a) Oil-saturated aqueous phase. 
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4.1.4    Pressure drop technique for CO2 absorption 
Reactor temperature and pressure were recorded using a data acquisition system. The 
reactor was operated batchwise with respect to both gas and liquid.  For all absorption 
experiments the initial pressure (Pi) was about 1.6 bar.  
Degassing: Before starting the absorption experiment, the emulsion with desired oil 
volume fraction (0-100 vol.% ) in the reactor was heated to 25±0.1˚C and then degassed 
under stirring (Fig. 20): 
 V3, V5 and V6 were opened. 
 V2 and V4 were closed. 
The liquid losses during degassing treatment were determined using a cold trap with 
liquid nitrogen as the coolant. The losses were negligible for n-dodecane and n-
hexadecane. The n-heptane loss was about 2.5 ml. The volume losses were compensated 
by adding 2.5 ml n-heptane before each measurement. 
Pressurizing: After degassing, when the temperature equilibrium was established and the 
liquid surface had become stable, pure CO2 was injected slowly into the head space of the 
reactor (Fig. 20): 
 V3, V5 and V6 were closed. 
 V2 was opened. 
Absorption: When the CO2 pressure had reached the set value (Pi) and the pressure was 
constant after thermal equilibration, the absorption process was initiated by switching on 
the stirrer. The subsequent pressure decrease in the reactor was recorded until the 
saturated pressure was reached (Pf).  
Reactor cleaning: Before and after a set of experiments, the reactor was treated with 
acetone and double-distilled water at least thrice and then dried. In the case of using SDS, 
in addition, the apparatus was further cleaned with a 1:1 mixture of acetone and ethanol 
to do away with the surfactant remnants. 
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Figure 25 shows the absorption process versus time for 5% oil volume fraction of n-
dodecane/water emulsion for two different runs. The total pressure drop is used to 
calculate the gas solubility and the overall volumetric mass transfer coefficient is 
evaluated based on the pressure-time curve. All the experiments were repeated at least 6 
times. The difficulties in keeping the initial pressure consistently at the same value for all 
experiments caused the small difference between the two curves in Figure 25.  
 
 
Fig. 25 CO2 absorption into n-dodecane emulsion (𝜑𝑂 = 5%). 
The reported kLa values were the mean values of at least 6 determinations and the mean 
relative standard deviations for kLa were less than 5% for all experiments. 
The pressure decline curve for the experiments with and without SDS have been shown 
in Figure 26. It is evident that the addition of soluble surfactant has slightly changed the 
mass transfer rate of CO2 into the emulsions.  
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Fig. 26 CO2 absorption into n-hexadecane emulsion in the presence and the absence 
of SDS (𝜑𝑂 = 5%). 
4.1.5    Data analysis 
4.1.5.1    kLa evaluation  
For the calculation of the volumetric liquid-phase mass transfer coefficient a pseudo-
homogeneous model was used (Ngo and Schumpe, 2012a). The following assumptions 
were made:  
 The liquid phases are completely mixed throughout the tank. 
 The concentration of dissolved gas in the both dispersed and continuous phases 
was always at equilibrium within the mass transfer zone which implies liquid-
liquid mass transfer resistances are neglected.  
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Albal et al. (1988) showed that the absorption rate can be calculated from the change in 
total pressure P according to 
−
𝑑𝑁𝐺
𝑑𝑡
=
𝑉𝐺
𝑅𝑇
∙
𝑑𝑃
𝑑𝑡
 (29) 
𝑑𝑁𝐺
𝑑𝑡
= 𝑉𝐿𝑘𝐿𝑎(𝑐
∗ − 𝑐𝐿) (30) 
where   
             R = Gas constant, Pa m3 mol-1 K-1  
             T = temperature, K 
             𝑉𝐺 = volume of gas, m
3 
             𝑉𝐿 = volume of liquid, m
3. 
From above equations, it follows that 
−
𝑑𝑃
𝑑𝑡
=
𝑉𝐿𝑅𝑇
𝑉𝐺
𝑘𝐿𝑎(𝑐𝐿
∗ − 𝑐𝐿) (31) 
The bulk concentration of the dissolved gas 𝑐𝐿 in the liquid can be expressed as 
𝑐𝐿 =
𝑉𝐺
𝑉𝐿𝑅𝑇
(𝑃𝑖 − 𝑃) (32) 
where  
             𝑃𝑖 = initial total pressure, Pa. 
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According to Henry's law: 
𝑐𝐿
∗ =
(𝑃 − 𝑝𝑊 − 𝑝𝑂)
𝐻
 (33) 
where 𝑝𝑊 is partial pressure of water and 𝑝𝑂 is partial pressure of oil. 
Substitution of Eqs. 32 and 33 into Eq. (31) gives 
−
𝑑𝑃
𝑑𝑡
= 𝑘𝐿𝑎 [
𝑉𝐿𝑅𝑇
𝐻𝑉𝐺
(𝑃 − 𝑝𝑊 − 𝑝𝑂) − (𝑃𝑖 − 𝑃)] (34) 
At equilibrium, the final pressure is 𝑃𝑓 and the final concentration of the dissolved gas 
𝑐𝐿,𝑒𝑞
∗  can be calculated from Eq. (32) 
𝑐𝐿,𝑒𝑞
∗ =
𝑉𝐺
𝑉𝐿𝑅𝑇
(𝑃𝑖 − 𝑃𝑓) (35) 
Also, 
𝑐𝐿,𝑒𝑞
∗ =
(𝑃 − 𝑝𝑊 − 𝑝𝑂)
𝐻
 (36) 
From Eqs. (35) and (36) and simplifying, we obtain 
(𝑃𝑖 − 𝑃𝑓)
(𝑃 − 𝑝𝑊 − 𝑝𝑂)
=
𝑉𝐿𝑅𝑇
𝐻𝑉𝐺
 (37) 
Combining Eqs. (37) and (34) gives 
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−
𝑑𝑃
𝑑𝑡
= 𝑘𝐿𝑎 [
(𝑃𝑖 − 𝑃𝑓)
(𝑃 − 𝑝𝑊 − 𝑝𝑂)
(𝑃 − 𝑝𝑊 − 𝑝𝑂) − (𝑃𝑖 − 𝑃)] (38) 
Integration of Eq. (38) will give 
−
𝑃𝑓 − 𝑝𝑊 − 𝑝𝑂
𝑃𝑖 − 𝑝𝑊 − 𝑝𝑂
∙ ln(𝑃 − 𝑃𝑓) = 𝑘𝐿𝑎 ∙ 𝑡 + 𝑐𝑜𝑛𝑠𝑡. (39) 
The volumetric mass transfer coefficient can then be evaluated based on the above 
relation. 
Thus, the dependence of the left-hand side of equation 39 versus time is a straight line 
with a slope representing the value of kLa. An example of kLa determination is presented 
in Figure 27. 
 
Fig. 27 Linearization of Eq. 39,  
(15% hexadecane/water; kLa = 0.039 s
-1). 
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For determination of kLa, the data at 15% to 90% saturation was used in order to exclude 
the initial re-emulsification phase as well as the final phase with low driving force (Ngo 
and Schumpe, 2012b). 
4.1.5.2    Gas solubility evaluation 
Carbon dioxide dissolves in water according to: 
𝐶𝑂2(𝑔) ⟷ 𝐶𝑂2(𝑙) (40) 
Upon dissolution in water, the following equilibrium is established: 
𝐶𝑂2(𝑙) + 𝐻2𝑂(𝑙) ⟷ 𝐻
+ + 𝐻𝐶𝑂3
− (41) 
Carbon dioxide is more soluble in water than other gases such as nitrogen, oxygen, argon, 
neon, hydrogen and helium (Weiss, 1974). For instance, its solubility is about 26 times 
higher than that of oxygen (Kordac and Linke, 2008). However, carbon dioxide solubility 
in aqueous solutions depends on composition, temperature and pH (Wang et al., 2010). 
The solubility of carbon dioxide in aqueous systems has been reported by several 
investigators (Carrol et al., 1991; Kiepe et al., 2002); limited data is available on systems 
involving CO2 and organic liquid emulsions. 
The overall gas solubility (𝑐∗) in the emulsion at a partial pressure of 101325 Pa can be 
determined from the total pressure change (Ngo and Schumpe, 2012a):  
𝑐∗ =
𝑉𝐺
𝑉𝐿
∙
(𝑃𝑖 − 𝑃𝑓)
𝑅𝑇
∙
101325
𝑃𝑓 − 𝑝𝑊 − 𝑝𝑂
 (42) 
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4.2    Chemical Absorption 
4.2.1    Experimental set-up  
The intrinsic sulfite oxidation experiments were carried out in the stirred reactor at the 
stirring speed 1000 rpm also used for physical absorption. After adding 700 ml mixture 
of 0.8 M sodium sulfite solution and oil into the reactor, the temperature was adjusted to 
25˚C and air was charged during agitation. Three samples (1 ml) were taken at about 10 
minutes intervals and analyzed for the sulfite concentration by iodometric titration (cf.  
4.2.3).  
To characterize the absorption kinetics, sulfite solution from the same batch (without oil) 
was placed into a stirred vessel with a flat surface (Fig. 28). After adding 1000 ml solution 
into the beaker, a magnetic stirrer was started at low stirring speed (70 rpm). A flat gas-
liquid interface was maintained which ensured a known interfacial area and enabled the 
evaluation of the K2 value (Eq. 46) as suggested by Schumpe and Deckwer (1980). The 
experiments were conducted for a time of approximately 10 hours. Samples were taken 
at about one hour intervals and analyzed for the sulfite concentration.   
 
 
Fig. 28 Magnetic stirring setup used. 
pH meter          Magnetic stirring 
Magnetic stirrer 
Temperature controller 
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4.2.2    Chemical material 
Gas: The source of oxygen was air at room temperature and pressure. 
Liquids:  
 Chemicals for interfacial areas investigation, such as sodium sulfite (Na2SO3, 97% 
purity) and cobalt (II) sulfate heptahydrate (CoSO4.7H2O, ≥99% purity) were 
purchased from Merck. Aqueous sodium sulfite solution was the continuous phase 
and n-hexadecane (Merck, with purity ≥ 99%) was the dispersed oil phase. 
 Chemicals for iodometric titration, such as potassium iodide (KI, ≥99.5% purity), 
iodine (I2, ≥99.8% purity) and the indicator starch solution (1% in H2O) were 
procured from Merck. Sodium thiosulfate (Na2S2O3, 99% purity) and sodium 
carbonate (Na2CO3, ≥99.95% purity) were purchased from Sigma-Aldrich.  
4.2.3    Sodium sulfite oxidation for oxygen absorption 
Prepared sulfite solution with catalyst was placed in the stirring vessel and in the stirred 
reactor, in the latter case, with the desired oil volume fraction. The pH and temperature 
were measured continuously. Samples of oil-free sulfite solution were taken from both 
vessels and the concentration decrease was measured iodimetrically. 1 ml of the solution 
was added to an excess of 0.1 N iodine standard solution. The solution was then back-
titrated with 0.1 N sodium thiosulfate standard solution. Upon addition a few drops of 1% 
starch indicator solution, a dark blue color appeared. The sodium thiosulfate solution was 
added dropwise, till the end point of titration which was detected by a color change from 
dark blue to colorless. Therefore, the remaining amount of sulfite can be determined. The 
above procedure was repeated 3 times and the sulfite concentration was determined by 
conventional titrimetric calculations. The measurements were carried in the sulfite 
concentration range of about 0.8-0.5 M. 
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4.2.4    Data analysis 
4.2.4.1    Interfacial area evaluation 
A solution of 0.8 M sodium sulfite catalyzed by cobaltous sulfate (0.5×10-3 M) was 
prepared. The pH was adjusted to ~8.5 adding concentrated sulfuric acid in order to avoid 
forming cobalt precipitate. No significant variation in the pH was observed during 
experiments. Some authors have shown that the reaction is second order (m = 2) with 
respect to oxygen at 25˚C and air at atmospheric pressure (Sivaji and Murty, 1982; Alper 
et al., 1988). The same assumption was made since the partial pressure of oxygen in the 
present work was 0.21 bar. It was attempted to keep liquid properties and conditions 
practically the same for all runs.  
The sulfite concentration was measured by iodometric back-titration. Therefore, the 
oxygen absorption rate was calculated based on the stoichiometry of the reaction (Eq. 16).  
The interfacial area 𝑎𝑎𝑞 (referred to the volume of the aqueous phase) can be determined 
by equation 43: 
𝑅𝑂2 = 0.5(
∆𝑐𝑆𝑂32−
∆𝑡
) = 𝑎𝑎𝑞𝐾2(𝑥𝑂2𝑃)
3 2⁄
 (43) 
The interfacial area referred to the total liquid volume is given by: 
𝑎 = 𝜑𝑐𝑜𝑛𝑡.. 𝑎𝑎𝑞 (44) 
where   
             𝑥𝑂2 = oxygen mole fraction (0.209) 
             𝑃 = total pressure, Pa 
             𝜑𝑐𝑜𝑛𝑡. = volume fraction of continuous phase (sulfite solution). 
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The overall absorption coefficient 𝐾2 can be determined either based on the sulfite 
oxidation in a stirring vessel with a known flat interface (Schumpe and Deckwer, 1980) 
or it can be calculated from available correlations. 
 Experimental determination of 𝑲𝟐 
The absorption rate equation can be written as  
𝑅𝑂2 = 0.5 𝑅𝑆𝑂3−2 (45) 
𝑅𝑂2 = 0.5 (
∆𝑐𝑆𝑂32−
∆𝑡
) = 𝑎𝑆𝐾2(𝑥𝑂2𝑃)
3 2⁄  (46) 
where 𝑎𝑆 is the specific surface area in the stirred vessel with flat interface. 
𝑎𝑆 =
𝐴𝑆
𝑉𝑆,𝐿
=
(𝜋 4⁄ )0.1522 𝑚2
10−3 𝑚3
= 18.14 m−1 (47) 
where   
             𝑉𝑆,𝐿 = volume of liquid, m
3 
             𝐴𝑆 = beaker surface area, m
2. 
Therefore, the actual 𝐾2 values can be obtained from equation 46.  
 Estimation of 𝑲𝟐 based on literature correlations  
The overall absorption rate for pseudo-second order reaction is given by  
𝐾2 = √
2
3
𝐷𝑂2𝑘2
𝐻3
 (48) 
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The diffusivity of oxygen in the sodium sulfite solution was calculated by the Wilke-
Chang (1955) equation 
𝐷𝑂2 = 7.4 × 10
−8 (𝑋𝑀𝑠)
1 2⁄ 𝑇
𝜇𝑠𝑉𝑂2
0.6 = 1.6 × 10
−9 m2 s-1 (49) 
where   
             X = association parameter (2.26) (Reid et al., 1977), 
             𝑀𝑠 = molecular weight of solvent (18 g mol
-1)   
             T = temperature (298.15 K) 
             𝜇𝑠 = viscosity of solution (1.26 mPa s) (Schumpe et al., 1986) 
             𝑉𝑂2 = molar volume of oxygen at normal boiling point (25.6 cm
3 g-1 mol-1). 
The second order rate 𝑘2 was obtained by the Linek and Tvrdik (1971) correlation 
𝑘2 = 1.44 × 10
10𝑐𝐶𝑜𝑆𝑂4 [
𝑝𝐻 − 7.9 + 0.04𝑡
0.6 + 0.04𝑡
]
2
𝑒𝑥𝑝 {−8.45 × 103 (
1
𝑇
−
1
293
)} 
      = 2.04 × 107 m3 kmol-1 s-1 
(50) 
where   
             𝑐𝐶𝑜𝑆𝑂4 = catalyst concentration (0.5×10
-3 kmol m-3) 
             t = temperature (25˚C). 
Oxygen solubility in sodium sulfite solution can be calculated from the following 
equation which Schumpe (1993) suggested for mixed electrolyte solutions: 
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log(𝐻 𝐻𝑜⁄ ) =∑(ℎ𝑖 + ℎ𝐺)𝑐𝑖 (51) 
where   
         𝐻𝑜 = Henry's constant for pure water (79.8×10
6 Pa m3 kmol-1) (Wilhelm et al., 1977) 
         ℎ𝑖 = ion-specific parameter, m
3 kmol-1  
             (Na+: 0.1143, 𝑆𝑂3
−2: 0.1270, 𝑆𝑂4
−2: 0.1117) (Weisenberger and Schumpe, 1996) 
         ℎ𝐺  = gas-specific parameter, m
3 kmol-1 (≡0 for oxygen) 
         𝑐𝑖 = concentration of ion i, kmol m
-3, 
Therefore, Henry's constant for oxygen at 298.15 K is H = 153×106 Pa m3 kmol-1.  
Using above equations gave the value of 𝐾2 = 7.79 × 10
−14 kmol m-2 s-1 Pa-1.5. 
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Chapter 5 
Results and Discussion 
5.1    Physical Absorption 
5.1.1    Carbon dioxide solubility in emulsions 
Usually physical gas solubility in oils is significantly higher than that in water. The ratio 
of the CO2 solubility in the organic phase to that in the aqueous phase 
𝑚𝑅 =
𝑐𝑜
∗
𝑐𝑤∗
 (52) 
determined in this study are listed in Table 15. 
Table 15  
Solubility ratio of CO2 in organic liquids used in the experiments at 25ºC. 
n-alkane n-Heptane n-Dodecane n-Hexadecane 
𝒎𝑹 1.70 1.67 1.42 
The physical properties of organic liquids have important effect on the gas solubility. As 
can be seen in this Table, the CO2 solubility is deceased by increasing the carbon number.  
The effects of the dispersed phase volume fraction and the addition of SDS (0.22 g L-1) 
on the carbon dioxide solubility are illustrated in Figures 29 and 30. The mean relative 
standard deviation of the measured solubility values was less than 1%.  
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Fig. 29 CO2 solubility in n-hexadecane/ and n-dodecane/water emulsions. 
The overall solubility of carbon dioxide in the emulsions varies linearly with the oil 
volume fraction for both n-hexadecane and n-dodecane. The carbon dioxide solubility in 
pure water is in good agreement with Schumpe et al. (1982), 3.39×10-2 kmol/m3. SDS 
has no significant effect due to its low concentration in the liquid phase. 
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Fig. 30 CO2 solubility in n-heptane/water emulsions. 
Although, it is evident from Figure 30 that the presence of the anionic surfactant SDS has 
no significant effect on the CO2 solubility in n-hexadecane emulsions, the addition of 
SDS affects the CO2 solubility in n-heptane emulsions. Both curves (with and without 
SDS) deviate from linear interpolation, but the deviation is smaller in the presence of 
SDS. Ngo and Schumpe (2012a) also observed lower values as compared to the linear 
trend. 
In the following section, n-heptane emulsions show unexpected trends also for mass 
transfer. 
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5.1.2    Carbon dioxide transfer into emulsions 
5.1.2.1    Oil volume fraction and viscosity effect on kLa 
Figures 31-33 indicate the effect of the oil volume fraction and viscosity, respectively, on 
the volumetric mass transfer coefficient for three different organic liquids. 
At very low oil fractions, kLa for all three oils increases with increasing oil volume 
fraction until it reaches a maximum value at 1-2% As the gas solubility in the dispersed 
organic phase is higher than that in water (𝑚𝑅 > 1), the initial increase might indicate an 
additional mass transfer mechanism at the gas/water interface caused by organic droplets 
with high gas solubility.  
 
Fig. 31 Effect of n-hexadecane volume fraction and emulsion viscosity on kLa 
 (… phase inversion). 
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Fig. 32 Effect of n-dodecane volume fraction and emulsion viscosity on kLa 
 (... phase inversion). 
Considering the presence of small oil droplets in the mass transfer film and rapid 
exchange of gas between the dispersed oil and continuous aqueous phase, the shuttle 
mechanism could result in the additional transport mechanism (cf. Chapter 3).  The effect 
was observed by several authors (Hassan and Robinson, 1977; Cents et al., 2001; Zhang 
et al., 2010). Ngo and Schumpe (2012b) reported relative oxygen solubilities of 7.7 and 
6.5 for n-dodecane, and n-hexadecane, respectively. Then, the effect should be stronger 
for oxygen than for carbon dioxide but the kLa maxima were similar as for CO2. 
At higher oil fractions, the mass transfer rate decreases towards the phase inversion 
region, because of a considerable increase of the viscosity (Fig. 31 and 32).  
The influence of the addition of n-heptane on kLa is presented in Figure 33. The behavior 
of n-heptane emulsions appears to be anomalous. With increasing oil volume fraction, 
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kLa first increases, passes through a maximum, then decreases to a minimum at 10% oil 
volume fraction and increases again.  
 
Fig. 33 Effect of n-heptane volume fraction and emulsion viscosity on kLa  
(... phase inversion). 
Up to 10% volume fraction the behavior is similar to the other systems but then kLa 
strongly increases up to phase inversion. Similar behavior had been previously observed 
for toluene-in-water in an agitated vessel by Yoshida et al. (1970). The tendency of n-
heptane to spread as a thin film on the gas bubble surface could be the reason. Lower 
surface tension of n-heptane might lead to higher interfacial area. This is in good 
agreement with the conclusion of Drelich and Miller (2000). They found n-heptane 
spreads spontaneously at the water surface while n-dodecane and n-hexadecane never 
tend to form a thin film on the surface, but rather remain as lenslike drops due to their 
negative spreading coefficients (Table 10).  
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Fig. 34 Dissimilarity between n-heptane/water and other emulsions. 
After phase inversion, in W/O emulsions, kLa is reduced by increasing the volume 
fraction of the dispersed aqueous phase. Such behavior has been previously observed for 
argon mass transfer into oleic acid emulsion by Linek and Beneš (1976). According to 
these authors, a parallel transfer of gas to both the continuous and the dispersed phase is 
the only possible pathway for gas absorption in W/O emulsions with either negative or 
positive spreading coefficient. They discussed that gas in the W/O emulsions is in direct 
contact with both the dispersed phase and the continuous liquid phase. The other possible 
pathway is gas transfer in series. In this case, the gas is not in the direct contact with the 
aqueous phase. They rejected this mechanism as the increase in the mass transfer 
coefficient could not be only due to the presence of oil around the bubbles. In contrast, 
Ngo and Schumpe (2012a) reported an increase in kLa for n-heptane and n-dodecane with 
decreasing water content. They used an endoscopic photographic technique in order to 
find any explanation for such strange behavior, e.g., multiple emulsions of oil in water in 
oil droplets (O/W/O) which might been formed just before phase inversion from W/O to 
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O/W (Pal, 1993; Perazzo et al., 2015) (Fig. 35a). No multiple emulsion was detected by 
Ngo and Schumpe (2012a) (Fig. 35b) so that they were not able to give an explanation 
for the surprising trends.  
 
a                                                             b 
Fig. 35 a) Multiple toluene/water emulsion (𝜑𝑂 =50%) (Besnard et al., 2013);  
        b) n-dodecane/water emulsion (𝜑𝑂 =70%) (Ngo and Schumpe, 2012a). 
Unfortunately, there is a lack of reported results in the literature regarding gas absorption 
rate in W/O emulsions.  
The absorption rate in both O/W and W/O emulsions is dominated by oil viscosity: 
𝜇𝐻𝑒𝑥𝑎𝑑𝑒𝑐𝑎𝑛𝑒 > 𝜇𝐷𝑜𝑑𝑒𝑐𝑎𝑛𝑒 > 𝜇𝐻𝑒𝑝𝑡𝑎𝑛𝑒  ⟹  𝑘𝐿𝑎𝐻𝑒𝑥𝑎𝑑𝑒𝑐𝑎𝑛𝑒 < 𝑘𝐿𝑎𝐷𝑜𝑑𝑒𝑐𝑎𝑛𝑒 < 𝑘𝐿𝑎𝐻𝑒𝑝𝑡𝑎𝑛𝑒 
5.1.2.2    Surfactant effect on kLa 
The volumetric mass transfer coefficient values in the presence of surfactant depend on 
the type of surfactant and its concentration (Vázquez et al., 1997; Álvarez et al., 2000; 
Chen et al., 2013). High specific interfacial area plays a major role at low surfactant 
concentration while mass transfer resistance gains increasing significance at higher 
concentration (Kadic and Heidel, 2010). 
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The variation of the volumetric mass transfer coefficient in the presence of SDS for n-
heptane and n-hexadecane systems is shown in Figure 36. There still is a maximum at 
very low oil fraction but the general trend is a decrease towards the phase inversion region 
due to viscosity effect in O/W and W/O emulsions.  
 
Fig. 36 Surfactant effect on kLa  
(... phase inversion). 
Figures 37 and 38 compare the kLa values for carbon dioxide with and without surfactant 
for n-heptane/ and n-hexadecane/water emulsions, respectively.   
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Fig. 37 Surfactant effect on kLa in n-hexadecane/water emulsion  
(... phase inversion). 
It is not surprising that the volumetric mass transfer coefficient of carbon dioxide in O/W 
emulsion shows higher values in the presence of SDS because of the surfactant's ability 
to form a layer at the gas/liquid interface. The rate of bubble coalescence and hence the 
mean bubble size is reduced. 
When a surfactant is added to emulsions, it tends to migrate to the oil-water interface 
where it acts to decrease the interfacial tension (Table 14). At the G/L interface the 
interfacial area increases by bubble coalescence inhibition. It can be concluded that the 
interfacial area is large enough to offset any liquid side mass transfer coefficient decrease 
so that kLa is larger with the use of SDS. Also, the soluble surfactants like SDS add no 
measurable resistance to the mass transfer passage through the gas-liquid interface 
(Springer and Pigford, 1970; Hanwright et al., 2005; Farajzadeh et al., 2007; Preziosi et 
al., 2013).  
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Fig. 38 Surfactant effect on kLa in n-heptane/water emulsion  
(... phase inversion). 
Although surfactant-free n-heptane-in-water (O/W) emulsions showed strange behavior, 
the addition of SDS retards the mass transfer rate and induces the same oil volume fraction 
effect as for the two other alkanes.  
In W/O emulsions, the surfactant has no significant effect on the mass transfer rate as 
it is located on the liquid/liquid interface and the bubbles are in contact with the pure 
organic liquid. 
5.1.3    Oil volume fraction effect on the enhancement factor 
The physicaal enhancement factors E (ratio of kLa to that the pure continuous phase) were 
calculated from Equation 26 and are presented in the following figures (Fig. 39 and Fig. 
40).  
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The oil volume fraction effects on the enhancement factor are similar for n-hexadecane 
and n-dodecane. It first increases up to a maximum value of 1.11, 1.02 and 1.09 for n-
hexadecane without and with SDS and for n-dodecane, respectively. A rapid decrease is 
found with increasing oil volume fraction towards the phase inversion.  
 
Fig. 39 Enhancement factor for n-hexadecane/water emulsions. 
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Fig. 40 Enhancement factor for n-dodecane/water emulsions. 
For n-heptane-in-water emulsions without surfactant, mass transfer enhancement was 
observed at any oil volume fraction up to the phase inversion region (Fig. 41). We 
conclude that n-heptane forms a very thin layer on the bubble surface.  
Addition of the ionic surfactant SDS reduces the mass transfer rate, probably by inhibiting 
spreading of n-heptane on the bubble surface. This finding supports the explanation of 
Ngo and Schumpe (2012a), i.e., the bubble covering mechanism. 
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Fig. 41 Enhancement factor for n-heptane/water emulsions. 
In W/O emulsions, as expected, the enhancement factor decreases towards the phase 
inversion region with increasing dispersed water fraction for all systems studied.   
5.1.4    Down- vs. up-pumping impellers 
5.1.4.1    Carbon dioxide mass transfer coefficient 
Volumetric mass transfer coefficients for the UPBI and DPBI are compared in Figures 
42-44. 
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Fig. 42 Comparison of kLa values in n-hexadecane/water emulsions for a down- and 
an up-pumping impeller. 
 
Fig. 43 Comparison of kLa values in n-dodecane/water emulsions for a down- and an 
up-pumping impeller. 
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For oil-in-water emulsions of n-dodecane and n-hexadecane, similar trends was observed 
by Ngo and Schumpe, 2012a.  
 
Fig. 44 Comparison of kLa values in n-heptane/water emulsion for a down- and an 
up-pumping impeller. 
Ngo and Schumpe (2012a), observed a surprising increase in kLa, for both n-dodecane 
and n-heptane, from 100% oil volume fraction down to the phase inversion region. 
However, our results for the DPBI show a reduction with increasing W/O emulsion 
viscosity, as expected.  
Generally, the volumetric mass transfer coefficients for UPBI are higher than that of the 
down-pumping impeller. This could be explained by the fact that in the down-pumping 
mode only one circulation loop is produced and the mixing in the upper part of the tank 
is very poor while UPBI produces two circulation loops in the lower and upper part of the 
tank resulting better circulation and mixing (Mishra et al., 1998; Aubin et al., 2001). 
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Furthermore, Sardeing et al. (2004b) argued that the UPBI generated the stronger lower 
circulation loop which keeps the gas bubbles in the lower half of the tank for a long time, 
resulting in improved mass transfer (Fig. 45).  
 
                                 a                                                               b 
Fig. 45 Flow pattern for a) downward and b) upward pumping impellers at 1000 rpm. 
5.1.5    Volumetric mass transfer coefficient as a function of viscosity 
From the literature overview it can be concluded that several dimensional correlations 
have been proposed for the calculation of kLa in stirred vessels for different liquids. kLa 
can be predicted as follows: 
𝑘𝐿𝑎 ∝ 𝐶 𝑉𝑠
𝑎 𝑁𝑏 𝜇𝑐 (53) 
The exponent values (a, b and c) change for different authors, also being influenced by 
the tank configurations (stirrer types and diameter), liquid properties (density, viscosity 
and surface tension) and operational conditions (stirrer speed  and gas superficial 
velocity) ( Yagi and Yoshida, 1975; García-Ochoa and Gómez, 2004). Also the presence 
of surfactant could affect interfacial area and mass transfer coefficient values. 
Figures 46 and 47 are log-log-plots of kLa (related to the kLa value in the pure continuous 
phase) against relative viscosity (related to the viscosity of the pure continuous phase) for 
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the O/W and the W/O emulsions, respectively. In O/W emulsions all systems (except for 
SDS-free n-heptane) follow the same trend (Fig. 46): 
𝑘L𝑎 ∝  𝜇
−0.72 (54) 
It is clear that the anionic surfactant SDS can eliminate the high absorption rate in n-
heptane/water and induces the normal viscosity effect like all other systems.  It was 
suggested by Ngo and Schumpe (2012a) that the high absorption rate in the absence of 
SDS is due to the bubble covering mechanism. Our results can be considered as an 
indirect proof of the oil spreading effect. Presence of the ionic surfactant on the gas/water 
interface might disturb heptane spreading and change the mass transfer pathway from 
serial transport (gas→oil→water) or parallel transport (gas→oil and gas→water) to the 
same serial transport (gas→water→oil) as with the other oils.  
 
Fig. 46 Viscosity effect on kLa in oil-in-water emulsions. 
𝑘L𝑎 ∝  𝜇
−0.72 
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In water-in-oil systems, the volumetric mass transfer coefficient sinks with increasing 
viscosity but this effect is specific to the oil (Fig. 47). Addition of surfactant has no effect 
on the mass transfer rate since SDS is located at the liquid-liquid interface and there is no 
direct contact with the gas.  
 
Fig. 47 Viscosity effect on kLa in water-in-oil emulsions. 
There are quite different trends for the three organic liquids. In addition to the viscosity 
effect of the dispersed aqueous phase, there are specific effects of the continuous organic 
liquid. These effects are smaller than observed by Ngo and Schumpe (2012a) in the up-
pumping mode but the order of the kLa values is the same (n-heptane > n-dodecane > n-
hexadecane). When kLa is correlated with the power-law (Equation 53), it shows 
dependence to (𝜇 𝜇𝑐𝑜𝑛𝑡.⁄ )
𝑐 with the exponent value -0.04 (n-heptane), -0.40 (n-dodecane) 
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and -0.82 (n-hexadecane). The results of Ngo and Schumpe (2012a) show much more 
variation and cannot be correlated to the emulsion viscosity (Fig. 48) 
 
Fig. 48 Viscosity effect on kLa in water-in-oil emulsions for a down-pumping 
impeller (this study, filled symbols) and an up-pumping impeller (Ngo and Schumpe, 
2012a, open symbols). 
Various investigations have been carried out to measure the influence of the viscosity on 
the mass transfer coefficient and different values have been reported in the literature. For 
instance, Yagi and Yoshida (1975) reported the exponent value of -0.4, Nocentini et al. 
(1992) proposed an exponent of -0.25 for low-viscosity liquids and -0.375 for high 
viscosity liquids, García-Ochoa and Gómez (2004) found it ranging from -0.5 to -0.9.  
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5.2    Chemical Absorption 
Figure 49 represents the decrease of sulfite concentration in the stirred reactor for various 
n-hexadecane volume fractions and the much slower decrease in the beaker with plane 
interface. Essentially, the ratio of the slopes reflects the ratio of the specific interfacial 
areas.  
  
  
  
Fig. 49 Variation of the sulfite concentration in the vessel with flat interface (no oil) 
and in the stirred vessel with desired oil fraction. 
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For the runs in the vessel with flat interface, the decrease of the sodium sulfite 
concentration is compared in Figure 50. There is a slight curvature, i.e., the oxidation rate 
decreases very slightly, probably, due to the effect of increasing pH value. Ignoring this 
trend, the slopes of straight line fits for different runs are very similar (Table 16). The 
value of the absorption parameter K2 (defined in Eq. 48) is slightly but systematically 
lower than the value calculated based on literature data. This underlines the advantage of 
the experimental approach. 
 
Fig. 50 Variation of the sulfite concentration in the vessel with flat interface  
(same symbols as in Fig. 49). 
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Table 16 
Comparison of the overall absorption coefficients experimentally determined and 
calculated from Eq. 48. 
K2 K2,calc. 
Difference% 
kmol m-2 s-1 Pa-1.5 
7.50×10-14 7.79×10-14 3.8 
The time-course of the sulfite concentration in the stirred vessel is shown in Figure 51 for 
various oil fractions. The oxygen is absorbed in the dispersed organic phase physically 
and in the continuous aqueous phase chemically. There might be a parallel pathway if the 
dispersed droplets can be in direct contact with the gas phase. The effect of volume 
fraction of the dispersed organic phase on sulfite oxidation is quite clear from this figure: 
It shows that at higher oil volume fraction the fall in sulfite concentration becomes 
steeper. This is expected even for the same absorption rate since the sulfite loading 
decreases with increasing oil fraction. 
 
Fig. 51 Time-course of the sodium sulfite concentration in the stirred vessel with  
n-hexadecane emulsions. 
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The effect of oil volume fraction and viscosity on the interfacial area values are 
represented in Figures 52 and 53, respectively. A reduction in interfacial area with 
increasing oil volume fraction is observed in the figures. This can be attributed to 
increasing bubble coalescence rate. The viscosity effect on interfacial area was also 
observed by Vázquez et al. (2000) and Yoshimoto et al. (2007). It is particularly 
interesting that there is a clear drop in interfacial area at very low oil fractions of 1‒2% 
where kLa showed a maximum. It may be concluded that the kLa maximum is not caused 
by coalescence hindering. The shuttle mechanism is still a possible mechanism since it 
may not be effective due to smaller effective film thickness in the absorption regime of 
fast chemical reaction. Assuming a kL value of 0.032 cm s
-1 (Schumpe et al., 1986), the 
Hatta number was about 5.2 and with a diffusion coefficient of 1.6 × 10−5 cm2 s-1 (Eq. 
49) the effective film thickness (Eq. 55) was: 
𝛿𝑒𝑓𝑓 =
𝐷O2
𝐻𝑎 𝑘L
= 9.6 × 10−5 cm (55) 
 
 
Fig. 52 Effect of n-hexadecane volume fraction on the interfacial area. 
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Fig. 53 Effect of viscosity on the interfacial area. 
The decrease in interfacial area in the presence of organic liquids was also observed by 
Cents et al. (2001). Except for low oil volume fraction this reduction reflects our results 
obtained from physical absorption. It can be considered that the variation of overall 
volumetric mass transfer coefficient is due to alteration of specific interfacial area since 
increasing viscosity promotes bubble coalescence. However, the reduction in interfacial 
area is less effective on the kLa decrease; this indicates an additional effect on kL.   
This research was done with the objective to understand the underlying mass transfer 
phenomena in gas-liquid-liquid systems. It should be pointed out that for interpreting kLa 
values it is essential to separate the interfacial area and the liquid side mass transfer 
coefficient. kLa values to be compared with the specific interfacial areas determined by 
sulfite oxidation could be measured by physical absorption of pure oxygen in sodium 
sulfate solutions in the presence of oil. Specifically in the case of n-heptane this might 
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have improved the understanding of the spreading coefficient. Unfortunately, the 
experiments came to a sudden stop when the laboratory was closed because of insufficient 
fire hazard precautions in the building. 
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Chapter 6 
Conclusions 
The volumetric mass transfer coefficient kLa and the solubility of carbon dioxide was 
determined by physical absorption in a surface-aerated stirred vessel at a high stirring 
speed (1000 rpm). The experiments were carried out for three different n-alkanes (n-
heptane, n-dodecane and n-hexadecane) at 0–100% oil volume fraction. Additionally, the 
effect of the anionic surfactant sodium dodecyl sulfate (SDS) was studied at 0.22 g L-1 in 
the aqueous phase. Some preliminary experiments were performed to determine the 
specific interfacial area in O/W emulsions of n-hexadecane by cobalt-catalyzed sulfite 
oxidation. 
For n-hexadecane and n-heptane, the solubility of carbon dioxide varied linearly with the 
oil volume fraction. Addition of SDS had no significant effect on the gas solubility in n-
hexadecane emulsions. For n-heptane emulsions, the gas solubility deviated from linear 
interpolation but addition of SDS reduced the deviation. This reflects some of the trends 
observed for mass transfer. 
The volumetric mass transfer coefficient kLa showed a maximum at oil volume fractions 
of 1–2%, for all organic liquids studied. At the same low n-hexadecane loadings, the 
specific interfacial area determined by sulfite oxidation dropped from the value in oil-free 
sulfite solutions. This excludes a coalescence hindering effect of the oil often suggested 
in the literature. An additional transport mechanism (shuttle effect) could still be an 
explanation as this would be less effective at the smaller effective film thickness in the 
absorption regime of fast chemical reaction (Ha ≈ 5.2).  
Upon further increase in oil fraction, for all O/W emulsions (except surfactant-free n-
heptane), kLa decreased towards the phase inversion region because of the viscosity 
effect. This trend can be uniformly correlated with emulsion viscosity to the power of       
-0.72. The decrease in interfacial area is less strong; this indicates an additional effect on 
kL. 
Different from the other oils, the addition of n-heptane increased kLa even up to the phase 
inversion region. This trend had been observed previously and was tentatively attributed 
to bubble covering by oil spreading. In this study, addition of the ionic surfactant SDS 
 96 
 
eliminated the high mass transfer rates in n-heptane emulsions and induced the same 
viscosity effect as in the other W/O emulsions. This indicates that spreading of n-heptane 
on the bubble surface is indeed the mechanism causing the high absorption rates. 
In W/O emulsions, kLa decreased with increasing dispersed water volume fraction for all 
emulsions studied. The trends cannot be uniformly correlated to the volume fraction or 
the viscosity, respectively, but depend on the oil. SDS had no effect on kLa in W/O 
emulsions as it accumulates at the oil/water interface without having contact to the gas 
bubbles.  
Higher mass transfer rate was observed by Ngo and Schumpe (2012a) in the up-pumping 
mode. Up-pumping pitched blade impeller induces two strong circulation loops, one in 
the upper part of the tank and one in the lower part while down pumping pitched blade 
impeller produces only one circulation loop in the lower half of the tank. Due to two 
circulation loops, the gas bubbles are forced down into the liquids for longer time 
resulting in higher volumetric mass transfer coefficient.   
Further sulfite oxidation experiments, in comparison with physical absorption into 
emulsions with sodium sulfate solutions as the aqueous phase, had been planned and 
might have enabled more insight. Unfortunately, the experiments came to a sudden stop 
when the laboratory was closed.  
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